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General	Introduction	
	
				All	along	the	second	half	of	the	XXth	century,	the	performances	of	organometallic	catalysts	have	been	
improved	 thanks	 to	 the	 tuning	 of	 their	 stereo‐electronic	 properties	 via	 ligand	 modulation.	 One	
representative	example	concerns	the	(co‐)polymerization	of	polar	olefins.	The	early	transition	metal	(TM)	
metallocene	or	CGC	(Constrained	Geometry	Complexes)	complexes	developed	in	the	1980’s	were	highly	
active	in	ethylene	and	α‐olefin	(co‐)polymerization,	but	showed	poor	efficiency	with	polar	olefins	mainly	
due	to	compatibility	issues.1,2	In	the	mid‐1990s,	a	major	breakthrough	was	achieved	by	Brookhart	and	co‐
workers	with	the	development	of	Pd(II)	and	Ni(II)	complexes	bearing	diimine	chelate	ligands,	capable	of	
co‐polymerizing	a	large	range	of	polar	monomers.	Further	tuning	of	the	ancillary	ligands	resulted	ten	
years	later	in	the	description,	by	Drent,	Jordan,	Nozaki	and	co‐workers	of	a	new	family	of	chelate	ligands,	
namely	the	phosphine‐sulfonates.2	Using	these	ligands,	successful	co‐polymerization	of	polar	monomers	
leading	 selectively	 to	 linear	 polymers	 can	 now	 be	 achieved.	 In	 these	 systems,	 the	 stereo‐electronic	
properties	of	the	ligands	are	“transferred”	to	the	metal	center,	which	results	in	improved	catalytic	process.				
	
				But	tuning	the	stereo‐electronic	properties	of	the	TM	is	not	the	only	possible	role	for	ligands.	Indeed,	
in	the	last	20	years,	catalysts	in	which	the	ligand	plays	an	active	role	in	substrate	activation	(exhibiting	a	
so‐called	non‐innocent	 character)	 have	emerged	after	 the	pioneering	work	of	Noyori	and	Shvo.3,4	 In	
these	complexes,	the	metal	center	and	one	of	its	ligands	act	in	concert	to	promote	chemical	processes	
taking	 inspiration	 from	 cooperative	 catalysis	 found	 in	 biological	 systems.	 Such	 metal	 /	 ligand	
cooperation	 enables	 to	 activate	 /	 form	chemical	 bonds	under	mild	 conditions.	Most	 interestingly,	
mechanistically	this	process	does	not	involve	oxidation	state	variation	at	the	metal,	and	represents	
an	alternative	to	the	typical	oxidative	addition	/reductive	elimination	pathways.5,6	Transformation	
otherwise	unattainable	have	been	successfully	achieved	thanks	to	these	cooperative	systems.	
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		This	manuscript	fits	in	the	framework	of	metal‐ligand	cooperation	with	organometallic	catalysts	
bearing	non‐innocent	ligands.	More	particularly,	it	concerns	catalytic	applications	of	Pd	and	Pt	pincer	
complexes	bearing	a	bis(thiophosphinoyl)indenediide	ligand	on	the	cycloisomerization	reaction	of	
alkynoic	 acids	 and	 alkynyl	 amides.	 The	manuscript	will	 be	mainly	 divided	 into	 three	 chapters	 as	
follows:	
		The	1st	 chapter	 compiles	a	non‐exhaustive	bibliographical	 survey	of	 the	 field	upon	cooperative	
catalysis.	First,	three	kinds	of	dual‐component	catalytic	systems,	namely	metal‐metal,	organo‐organo	
and	metal‐organo	systems	will	be	introduced	and	illustrated	with	selected	examples.	Metal‐ligand	
cooperation	 in	 catalysis	 will	 then	 be	 discussed	 on	 several	 representative	 systems,	 from	 the	
pioneering	work	of	Noyori	using	amido‐Ruthenium	complexes	for	hydrogenation,	to	the	recent	work	
of	 Milstein’s	 pincer	 complexes	 based	 on	 dearomatized	 pyridine.	 The	 chapter	 will	 end	 with	 the	
catalytic	 applications	 of	 such	 metal	 /	 ligand	 cooperative	 systems	 in	 several	 important	
transformations,	i.e.	H‐H	activation,	hydrogenation/dehydrogenation,	H2	transfer,	as	well	as	the	X‐H	
bond	(Si‐H,	N‐H,	etc.)	activations.	
		The	2nd	chapter	will	focus	on	the	design	and	synthesis	of	novel	Pd	indenediide	pincer	complexes	
by	 structural	modulation	 of	 the	 ligand,	 and	 their	 applications	 in	 catalytic	 cycloisomerization	 via	
metal‐ligand	 cooperation.7	 Initially,	 a	 range	 of	 N‐alkynylamides,	 which	 are	 derived	 from	 the	
corresponding	 alkynoic	 acids	 and	 supposed	 to	 be	 more	 challenging	 substrates,	 were	 readily	
prepared.	Preliminary	results	disclosed	that	the	indenediide	pincer	system	is	capable	to	achieve	the	
cycloisomerization	 of	 N‐tosyl	 alkynylamides	 to	 form	 the	 related	 lactam	 products.	 Nevertheless,	
incomplete	 conversion	 regarding	 the	 formation	 of	 6‐membered	 ring	 lactams	 even	 under	 harsh	
conditions	indicated	the	limitation	of	the	current	catalytic	system.	In	addition,	31P	NMR	monitoring	
of	the	reaction	process	revealed	that	the	complexes	are	not	stable	with	the	free	ligand	observed.	A	
structural	modulation	was	thus	envisioned	by	replacing	the	Ph	substituents	at	phosphorus	for	iPr,	in	
attempt	to	increase	the	robustness	of	the	Pd	pincer	complexes	and	enhance	thereby	their	catalytic	
performance.			
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		Accordingly,	two	new	Pd	complexes	were	successfully	prepared	and	fully characterized	(NMR,	IR,	
XRD).	As	expected,	the	new	complexes	demonstrated	a	better	performance	than	their	Ph‐substituted	
counterparts.	 Subsequently,	 the	N‐tosyl	 alkynylamide	 scope	was	 extensively	 studied,	 from	 linear	
non‐substituted	C5‐C7,	to	substituted,	benzo‐fused,	and	finally	to	internal	alkyne	ones. Eventually,	a	
majority	of	exo	lactam	products,	together	with	the	unusual	internal	endo	lactam	can	be	prepared	in	
excellent	yields	(most	often	90	%).	Noteworthily,	 the	7‐member	ring	methylene	caprolactam	was	
obtained	 for	 the	 first	 time	 via	 cycloisomerization.	 However,	 incomplete	 conversion	 for	 such	 7‐
membered	ring	and	no	reaction	of	internal	C6	amide	prompted	us	to	further	improve	the	catalytic	
system.	
				The	3rd	chapter	is	devoted	to	the	continuous	modulation	of	the	pincer	complexes,	and	their	catalytic	
application	 upon	more	 challenging	 substrates.8	A	 straightforward	 strategy	 is	 to	 switch	 the	metal	
center	 from	 palladium	 to	 platinum,	 as	 the	 latter	 claims	 its	well‐known	 efficiency	 to	 activate	 C‐C	
multiple	bonds,	in	particular	triple	bonds.	Additionally,	it	was	worthwhile	to	explore	the	scarcely‐
reported	cyclization	of	alkynoic	acids	and	related	amides	catalyzed	by	platinum	complexes.	To	this	
end,	four	Pt	pincer	complexes	were	successfully	synthesized	following	the	same	synthetic	strategy	as	
for	Pd	complexes,	and	then	 fully	characterized	(NMR,	 IR,	XRD).	 Initially,	a	 rapid	evaluation	of	 the	
catalytic	performances	among	 these	 complexes	on	 the	 cycloisomerization	of	5‐hexynoic	acid	was	
carried	out.	The	dimeric	Pt	complex	bearing	iPr	group	was	shown	to	be	the	best	catalyst	to	achieve	
complete	conversion	in	much	shorter	time	with	a	sharp	decrease	of	the	catalyst	loading	compared	to	
the	related	Pd	dimer,	which	shows	the	significant	improvement	over	the	previous	system.	Then,	a	
range	 of	 model	 substrates	 aiming	 for	 the	 formation	 of	 5‐/6‐membered	 lactones/lactams	 were	
employed	in	the	presence	of	two	potent	dimeric	complexes	(Pd	vs	Pt),	for	direct	comparison	of	their	
catalytic	activity.	For	small	5‐memebered	ring	formation,	both	complexes	exhibited	similar	results,	
while	 Pt	 dimer	 obviously	 outperformed	 its	 Pd	 analogue	 upon	 6‐membered	 ring	 formation,	 by	
completing	the	reaction	within	a	considerably	shortened	time,	not	to	mention	reducing	the	catalytic	
loading	to	dreadfully	low.	In	the	light	of	these	results,	we	hold	much	promise	for	using	dimeric	Pt	
complex	 upon	 more	 challenging	 substrates,	 aiming	 to	 form	 medium	 size	 rings,	 including	 for	
substrates	bearing	internal	alkynes.	
Subsequently,	a	wide	array	of	substrates	was	prepared	and	submitted	to	cyclization	in	the	presence	
of	the	Pt	dimer.	The	initial	tests	were	performed	with	the	linear	acid	and	amide	for	7‐membered	ring	
formation.	Complete	conversion	of	6‐heptynoic	acid	can	be	obtained	 this	 time	with	 the	Pt	dimer.	
Notably,	this	efficient	preparation	of	ε‐alkylidene	lactones	can	be	scaled	up	to	multi‐gram	scale.	These	
products	are	interesting	monomers	for	ring	opening	polymerization	(ROP)	and	may	be	used	for	the	
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preparation	of	functionalized	biodegradable	polymers.	Also,	the	Pt	complex	gave	excellent	result	in	
the	 cycloisomerization	 of	N‐tosyl	 alkynylamide	 into	 7‐membered	 lactam.	 Both	 results	 showed	 a	
significant	 improvement	 of	 the	 Pt	 complex	 over	 its	 Pd	 analogue.	 The	 substrate	 scope	 was	 then	
extended	to	formation	of	other	7‐membered	rings,	which	indicated	the	generality	of	such	Pt	complex	
system.	In	addition,	several	substrates	bearing	internal	alkynes,	that	are	particularly	challenging	for	
cycloisomerization	in	terms	of	activity	as	well	as	exo/endo	selectivity,	were	investigated.	Notably,	
the	 internal	 C5	 amides	were	 converted	 exclusively	 via	 a	 6‐endo	 cyclization	 to	 give	 alkylidene	 δ‐
lactams,	while	for	internal	C6	amide,	Pt	complex	can	trigger	the	reaction,	but	only	low	conversion	is	
observed.		
Thanks	to	a	better	understanding	of	the	mechanism,	H‐bonding	additives	were	introduced	in	the	
catalytic	 system	 for	 further	 improvements.9	 Several	 catechols	were	 used,	which	 showed	 in	most	
cases	 shortened	 reaction	 times,	 and	 higher	 the	 exo/endo	 selectivities	 for	 internal	 substrates.	
Noteworthily,	the	internal	C6	amide	can	be	completely	cyclized	in	the	presence	of	additives.	
In	summary,	the	originally‐developed	cooperative	non‐innocent	metal‐ligand	indenediide	pincer	
complexes	 demonstrated	 their	 powerful	 activity	 towards	 the	 cycloisomerization	 of	 a	 series	 of	
alkynoic	 acids	 and	 N‐tosyl	 alkynylamides.	 This	 work	 further	 demonstrates	 the	 importance	 of	
structural	modulation	in	order	to	improve	the	catalytic	activity	and	the	key	role	that	the	mechanistic	
investigation	may	have	in	this	improvements.		
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Chapter	1	Cooperative	Catalysis	
Catalysis	has	been	known	as	a	phenomenon	from	very	primeval	times,	although	developments	of	
its	theory	and	characteristics	came	relatively	afterward.	Nowadays,	it	plays	a	fundamental	role	in	the	
manufacture	of	a	vast	majority	of	chemicals,	and	attracts	a	great	deal	of	attention	academically	and	
industrially.	 The	 demand	 for	 novel	 and	 improved	 catalytic	 systems	 has	 continuously	 stimulated	
chemists.	Common	catalytic	processes	normally	 involve	 the	 interaction	of	a	single	catalyst	with	a	
substrate	 (or	 the	 substrates),	 thereby	 generating	 an	 activated	 species	 to	 react	 with	 a	 second	
substrate	 (eventually	 activated	 also).	 Although	 this	mono‐center	 catalysis	 strategy	has	 been	well	
documented	 in	a	vast	number	of	reactions	over	many	decades,	multi‐center	catalysis	concept	has	
lately	emerged	as	a	new	strategy	to	surpass	its	predecessors	with	prospects	to	achieve	difficult	or	
otherwise	 unattainable	 reactions.	 The	 multi‐center	 catalysis	 concept	 is	 inspired	 from	 biological	
systems	in	which	multi‐center	catalysis	is	very	common.1	A	representative	example	is	illustrated	in	
Figure	1.1,	that	depicts	the	combination	of	three	different	active	sites	(Brönsted	acid,	Brönsted	base	
and	a	metallic	Lewis	acid)	as	encountered	in	class	II	aldolases.	
	
	
Figure	1.1	Schematic	representation	of	multi‐center	catalysis	by	class‐II	aldolases	(formation	/	cleavage	of	
carbohydrates).		
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1.1	Multi‐Center	Catalysis:	Different	Modes	
We	 can	 roughly	 pigeonhole	 homogenous	 catalysts	 into	 transition	 metal	 catalysis	 and	 organic	
catalysis.	Both	of	them	are	extensively	used	in	a	plethora	of	synthetic	transformations.	The	newly	
emerging	trend	of	multi‐center	catalysis	aims	at	combining	the	advantages	of	both	transition	metal	
and	 organo	 catalysis	 under	 one‐pot	 reaction	 conditions.	 It	 is	 becoming	 ubiquitous	 and	 popular	
nowadays.2‐5	In	regard	to	the	roles	of	such	multi‐center	catalysts	during	the	reaction	process,	four	
distinct	modes	in	multi‐catalytic	scenarios	can	be	categorized,	the	two	last‐ones	being	closely	related	
to	each	other	(Figure	1.2).	They	will	be	succinctly	represented	before	focusing	on	the	cooperative	
ones	and	in	particular	on	metal‐ligand	cooperation.	
 
Figure	1.2	Classification	of	multi‐catalytic	systems.		
The	 first	mode,	 termed	 “double	 activation	 catalysis”	 (mode	 I),	 entails	 the	 participation	 of	 two	
catalysts	(denoted	as	cat1	and	cat2),	working	in	chorus	upon	activation	of	one	substrate.	The	second	
mode,	termed	“cascade	catalysis”	(mode	II),	consists	in	a	sequential	process	in	which	cat1	activates	
a	substrate	to	produce	a	first	intermediate	that	is	subsequently	activated	by	the	second	catalyst	to	
react	with	a	second	non‐activated	substrate.		
In	contrast,	the	cooperative	or	synergistic	mode	makes	use	of	the	two	catalysts	to	simultaneously	
activate	 the	 two	 substrates	 in	 an	orchestrated	way,	 to	promote	 a	 single	 chemical	 transformation	
(modes	III	and	III’).	Here	we	can	distinguish	between	the	use	of	two	individual	catalysts	(two‐center	
cooperative	catalysis	III)	and	the	bifunctional	catalysis,	where	only	one	catalyst	is	exploited,	but	the	
two	substrates	are	nevertheless	activated	by	two	discrete	functional	sites	of	the	same	catalyst	(mode	
III’).	
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Notably,	 the	 cooperative	 catalysis	 is	 nowadays	 emerging	 as	 a	 high‐value	 strategy	 for	 bond	
activation	and	forming	process.6	Three	combinations,	namely	metal‐metal,	organo‐organo	and	metal‐
organo,	can	be	envisioned.	The	broad	range	of	cooperative	catalytic	systems	reported	in	the	literature	
over	the	last	few	decades	have	substantiated	that	an	ideal	combination	can	significantly	improve	the	
existing	chemical	transformations,	in	terms	of	reactivity	and	selectivity;	and	more	remarkably,	can	
promote	surprising,	new,	otherwise	unachievable	transformations.		
A	broad	diversity	of	active	sites	(metal	and	organo‐based)	can	be	involved	in	cooperative	catalysis.	
Selected	 examples	 of	 basic	 transition	metal	 catalysts	 (e.g.,	 PdCl2(PPh3)2,	 PtCl2,	 Pd(OAc)2,	 …)	 and	
organo‐catalysts	 (Brønsted	 acids,7,8	 amines,9,10	 cinchona,11,12	 N‐heterocyclic	 carbenes	 (NHCs)13,14),	
are	depicted	in	Figure	1.3.	The	modularity	of	the	catalytic	systems	represents	a	great	opportunity	for	
the	future	development	of	cooperative	catalysis.	Mechanistic	investigations	are	also	highly	valuable	
in	order	to	precisely	understand	the	factors	controlling	the	activity	and	selectivity	of	 these	multi‐
center	catalysts,	and	ultimately	enable	rational	design	and	optimization.	
 
Figure	1.3	Selected	transitional	metal	and	organo	catalysts.	
The	following	section	will	provide	representative	examples	of	two‐center	cooperative	catalysis,	in	
terms	of	the	three	different	combinations	previously	mentioned,	namely	metal‐metal,	organo‐organo	
and	metal‐organo	 systems.	 Then,	 the	 bifunctional	 systems	 involving	metal	 /	 ligand	 cooperation,	
which	are	the	focus	of	this	work,	will	be	discussed.			
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1.1.1	Organo‐Organo	Cooperative	Catalysis	
As	mentioned	above,	the	Brønsted	acids,	amines,	cinchona	alkaloids,	and	NHCs	are	among	the	most	
successfully	 utilized	 organocatalysts	 to	 accomplish	 a	 broad	 scope	 of	 synthetic	 transformations.	
Undoubtedly,	judicious	combinations	of	organo‐organo	catalysts	can	lead	to	remarkable	cooperative	
performance.		
A	nice	illustration	is	the	unprecedented	example	of	cooperative	catalysis	by	using	NHC	and	chiral	
phosphoric	 acid	 for	 the	 highly	 enantioselective	 [3+2]	 annulation	 reaction	 of	 α,β‐alkynals	 and	 α‐
ketoesters	reported	by	Scheidt	and	co‐workers.15	This	process	furnishes	γ‐crotonolactones	in	high	
yields	and	levels	of	enantioselectivity	(Scheme	1.1).		
 
Scheme	1.1	NHC/Brønsted	acid	catalyzed	[3+2]	annulation	reaction.		
Mechanistically,	NHC	and	Brønsted	acid	respectively	activate	the	alkynyl	aldehyde	and	α‐ketoester	
(Figure	1.4).	Subsequently,	C‐C	bond	formation	followed	by	a	tautomerization	gives	an	acyl	azolium	
intermediate, which	 then	undergoes	O‐acylation	 to	offer	 the	 lactone	product	and	regenerates	 the	
catalysts.	
 
Figure	1.4	TS	of	the	C‐C	forming	step	showing	the	activation	of	the	alkynyl	aldehyde	and	of	the	α‐ketoester	
by	the	NHC	and	the	Brønsted	acid,	respectively.	
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1.1.2	Metal‐Metal	Cooperative	Catalysis	
Comparatively,	the	cooperative	dual‐catalytic	systems	combining	two	transition‐metal	complexes	
have	been	less	explored,	 in	part	due	to	the	difficulty	 in	ensuring	redox	compatibility	between	the	
catalysts	and	avoiding	catalyst	deactivation.16	Additionally,	the	mechanistic	complexity	of	these	dual‐
catalysis	 systems	has	made	 it	knotty	 to	be	 fully	understood	and	consequently	hinders	 its	 further	
development.	
C‐C	Coupling	reactions	are	among	the	transformations	for	which	metal‐metal	cooperation	has	been	
well	demonstrated.	The	coupling	reaction	between	aryl	halides	or	vinyl	halides	with	terminal	alkynes	
catalyzed	by	a	Pd	(II)/	Cu(I)	system	is	well‐known	as	the	Sonogashira	coupling.17	It	is	a	highly	useful	
and	practical	method	for	straightforward	construction	of	sp2‐sp	C‐C	bonds.	Generally,	cuprous	iodide	
is	chosen	as	the	best	copper	catalyst,	while	the	choice	of	palladium	counterpart	is	more	adjustable	
with	 a	 range	 of	 Pd(II)	 precursors	 (e.g.	 (PPh3)2PdCl2,	 (PPh3)4Pd,	 (dppe)2PdCl2,	 Pd(OAc)2/PPh3,	
Pd2(dba)3/AsPh3),	in	the	presence	of	secondary	or	tertiary	alkyl	amines.	(Scheme	1.2).	
	
Scheme	1.2	Pd/Cu	catalyzed	alkynylation	reaction.	
Although	the	whole	picture	of	the	mechanism	is	not	that	explicit	at	present,	especially	regarding	
the	exact	form	of	the	catalytically	active	species,	as	well	as	the	precise	role	of	the	cuprous	iodide,	it	is	
presumed	that	the	reaction	follows	normal	oxidative	addition–reductive	elimination	steps	common	
to	Pd‐catalyzed	cross	coupling	reactions.	While	the	aryl	or	vinyl	halide	is	activated	by	the	palladium	
catalyst,	the	cuprous	acetylide	is	concomitantly	formed	in	the	presence	of	amine.	Later	the	acetylide	
group	 is	 transferred	 from	 Cu	 to	 Pd	 and	 the	 coupling	 product	 is	 finally	 obtained	 by	 reductive	
elimination	at	Pd.	The	Cu	and	Pd	fragments	act	in	concert	in	the	key	transmetallation	step	(Scheme	
1.3).18	
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Scheme	1.3	Proposed	mechanism	in	the	Sonogashira	reaction.	
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1.1.3	Metal‐Organo	Cooperative	Catalysis	
Transition	metal	catalysis	has	been	long	established	as	one	of	the	most	useful	and	powerful	tools	
for	organic	synthesis,	because	transition	metals	often	display	unique	reactivity	and	selectivity.19	Over	
the	past	decades,	 organocatalysis	has	 grown	explosively	 to	become	another	extremely	 important	
research	area	in	current	organic	chemistry,	in	particular	concerning	enantioselective	processes.20‐27	
The	combination	of	these	two	kinds	of	catalysts	can	potentially	provide	a	further	powerful	tool	for	
carrying	out	(asymmetric)	transformations.28,29	
1.1.3.1	Combination	of	Transition	Metal	Catalyst	with	an	Amine	
Amines,	on	their	own,	have	consistently	attracted	intensive	attention	for	a	long	time	as	effective	
organocatalysts.	 Amine	 catalysis,	 including	 secondary	 amine	 catalysis	 and	 more	 recent	 primary	
amine	catalysis,	plays	an	important	role	in	the	activation	of	carbonyl	compounds.30.	Generally,	amines	
catalyze	 organic	 reactions	 according	 to	 two	 modes	 of	 action:	 enamine	 activation31	 and	 iminium	
activation	(Scheme	1.4).32	
	
Scheme	1.4	Activation	manners	in	amines	catalysis.	
The	first	example	of	combined	amine	and	transition	metal	catalysis	was	reported	by	Cόrdova	and	
co‐workers	in	2006,	via	the	merging	of	enamine	and	palladium	catalysis	for	the	direct	intermolecular	
α‐allylic	 alkylation	 of	 unactivated	 aldehydes	 and	 ketones	 with	 allyl	 acetate	 (Scheme	 1.5).33	 This	
unprecedented	 combination	 of	 palladium	 and	 enamine	 catalysis	 furnished	 α‐allylic	 alkylated	
aldehydes	and	cyclic	ketones	chemo‐	and	regioselectively	in	high	yields.	
 
Scheme	1.5	Direct	α‐allylation	of	unactivated	aldehydes	and	ketones	
via	cooperative	enamine	and	palladium	catalysis.	
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It	 is	 presumed	 that	 two	 powerful	 catalytic	 cycles,	 including	 the	 electrophilic	 activation	 of	 allyl	
acetate	by	palladium	catalyst,	and	the	nucleophilic	activation	of	the	ketone	by	pyrrolidine,	take	place	
in	parallel	 to	form	in	situ	the	transient	Pd(0)	complex	I	and	pyrrolidine	enamine	II	(Scheme	1.6).	
Subsequently,	the	metal‐	and	organo‐	catalytic	cycles	converge	as	the	two	activated	intermediates	
react	with	each	other	to	give	the	α‐allyl	iminium	ion	III.	Finally,	the	net	product	α‐allyl	carbonyl	IV	is	
released	by	hydrolysis,	with	regeneration	of	both	the	amine	and	palladium	catalysts.		
 
Scheme	1.6	Proposed	mechanism	for	amine	and	palladium	catalyzed	α‐allylic	alkylation.		
	
1.1.3.2	Combination	of	Transition	Metal	Catalyst	with	a	Brønsted	Acid		
Application	of	Brønsted	acids	in	catalysis	has	experienced	an	impressive	development	in	the	last	
two	decades,	in	particular	thanks	to	the	introduction	of	chiral	phosphoric	acids,	initially	discovered	
by	Terada	and	Akiyama	in	2004.34,35.	Chiral	phosphoric	acids	can	promote	organocatalytic	reactions	
via	protonation	to	generate	(chiral)	ion	pairs.36,37	A	range	of	recent	publications	has	highlighted	two	
main	groups	of	phosphoric	acids,	which	can	be	derived	respectively	 from	a	binol	or	a	 spirocyclic	
framework	(Figure	1.5).	
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Figure	1.5	Examples	of	commonly	used	chiral	Brønsted	Phosphoric	acids.	
Over	the	last	decade,	a	number	of	mechanistic	studies	have	been	performed	on	chiral	Brønsted	acid	
catalyzed	stereoselective	reactions.	It	is	believed	that	the	bulky	substituents	typically	present	at	the	
3,3’	positions	of	the	binol	framework	contribute	predominantly	to	the	stereoselectivity.38,39	
The	strategy	by	employing	chiral	Brønsted	acids	in	conjugation	with	transition	metals	has	attracted	
a	great	deal	of	interest	for	promoting	enantioselective	transformations.		
As	an	example,	Rainey	and	co‐workers	described	an	enantioselective	allylic	C‐H	activation	for	the	
synthesis	of	optically	active	spirocyclic	rings,	via	employing	concomitantly	the	phosphoric	acid	and	
a	palladium(II)	 catalyst	 (Scheme	1.7).40	Such	spirocyclic	 skeletons,	 featuring	a	quaternary	carbon	
center,	 can	 be	 found	 in	 several	 biologically	 relevant	 molecules,	 and	 are	 notoriously	 difficult	 to	
synthesize.41‐43		
 
Scheme	1.7	Chiral	Brønsted	acids	and	Palladium‐catalyzed	allylic	activation.		
Control	experiments	revealed	that	both	Pd(OAc)2	and	the	chiral	phosphoric	acid	are	crucial	to	this	
reaction,	as	no	consumption	of	the	starting	materials	is	observed	in	the	absence	of	either	of	them.	A	
plausible	mechanism	was	proposed	by	the	authors	(Scheme	1.8).	Pd(OAc)2	and	the	phosphoric	acid	
additive	(S)‐1b	first	undergo	an	exchange	reaction	to	generate	an	active	Pd(II)‐OP(=O)(OAr)2	species.	
Then,	 the	 substrate	 is	 coordinated	 to	 the	 active	 Pd(II)	 catalyst,	 resulting	 in	 the	 formation	 of	
intermediate	II.	Subsequently,	following	a	C‐H	activation	reaction	while	the	phosphoric	anion	forms	
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a	hydrogen	bond	with	the	hydroxyl	group,	a	crucial	π‐allylpalladium	intermediate	III	is	generated.	
Finally,	the	combined	Pd(II)	and	phosphate	cooperatively	catalyze	the	semipinacol	ring	expansion,	
resulting	in	the	formation	of	the	final	product.	
 
Scheme	1.8	Proposed	mechanism	for	Brønsted	acids	and	palladium	catalyzed	reaction.		
Taking	into	account	this	mechanism,	and	in	particular	the	key	intermediate	III,	it	appears	that	this	
system	 is	 at	 the	 frontier	 between	 two‐center	 cooperative	 catalysis	 and	 bifunctional	 catalysis,	 in	
which	 the	metal	 (Pd)	 and	 the	 ligand	 (phosphoric	 acid)	 act	 in	 concert	 to	 form	 the	 final	 product.	
Organometallic	catalysts	in	which	the	ligand	cooperates	with	the	metal	to	the	activation/formation	
of	chemical	bonds	are	called	metal/ligand	Cooperative	systems.	They	are	actually	the	focus	of	this	
work	and	are	presented	in	more	detail	in	the	next	section.	
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1.2	Metal‐Ligand	Cooperation		
Metal‐ligand	cooperation	is	now	becoming	an	extremely	important	concept	in	catalysis.	Different	
from	“classical”	transition	metal	catalysis	where	the	ligand	only	tunes	the	stereoelectronic	properties	
of	the	metal	center,	metal‐ligand	cooperative	catalysis	employs	both	the	metal	and	the	ligand,	which	
participate	concertedly	in	bond	activation/formation	processes.	These	cooperative	ligands	are	the	
so‐called	non‐innocent	ligands.	
The	term	“innocent”	was	first	introduced	in	chemistry	by	Jørgensen	in	1966.44	An	innocent	ligand	
allows	unambiguous	determination	of	the	oxidation	state	of	the	central	metal	atom.	In	contrast,	a	
non‐innocent	 ligand	usually	possesses	a	delocalized	π‐system,	which	makes	neither	the	oxidation	
state	of	the	central	metal	atom	nor	the	charges	on	the	donor	atoms	of	the	ligand	easy	to	be	precisely	
defined.	An	elegant	example	of	complex	bearing	a	non‐innocent	ligand	is	the	neutral	nickel	complex	
with	glyoxalbis(2‐mercaptoanil)Ni(gma)2	characterized	by	the	presence	of	an	extensive	system	of	
conjugated	π	bonds	(Figure	1.6).45 This	complex	can	be	considered	as	a	16‐electron	Ni(II)	complex	
with	diiminodithiolate	(1a)	or	di(imino‐thiosemiquinonate)	(1b),	as	a	14‐electron	Ni(IV)	complex	
(1c)	or,	alternatively,	as	an	18‐electron	Ni(0)	complex	(1d).	It	is	widely	accepted	that	the	formula	
with	delocalized	bonds	(1e)	represents	the	best	description	of	the	true	electronic	structure	of	the	
metal	complex	Ni(gma)2.		
Non-innocent ligands
S
NiN N
S S
NiN N
S
S
NiN N
S S
NiN N
S
II II
IV 0
S
NiN N
S
1e 
(best described)
1a 1b
1c 1dNi(gma)2  
Figure	1.6	Representative	Ni	complex	bearing	a	non‐innocent	N2S2	ligand.		
It	is	not	until	early	1990s	that	such	non‐innocent	concept	gained	wide	acceptance	and	attracted	
considerable	attention.	The	concept	of	“non‐innocent”	ligands	was	extended	later	to	ligands	that	are	
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directly	 involved	on	 the	activation	of	 the	substrates.	So,	 two	main	 types	of	 reactivity,	namely	 the	
redox	or	cooperative	manner,	in	which	the	non‐innocent	ligand	is	involved,	can	be	categorized.	Redox	
non‐innocent	ligands	normally	participate	in	the	catalytic	cycle	only	by	accepting/donating	electrons;	
whereas	cooperative	non‐innocent	ligands	directly	participate	in	the	formation/breaking	of	covalent	
bonds	for	the	substrates.		
Redox	non‐innocent	ligands	can	be	easily	oxidized	or	reduced	by	one	or	multiple	(most	typically	
two)	electrons,	which	can	either	directly	tune	the	property	of	the	whole	complex	especially	the	metal	
center,	 or	 function	 as	 electron	 reservoirs	 avoiding	 uncommon	 oxidation	 state	 of	 the	metal.	 The	
cooperative	 non‐innocent	 ligands	 also	 avoid	 variation	 of	 the	 oxidation	 state	 of	 the	 metal	 by	
participating	 in	 the	 activation/formation	 of	 covalent	 bonds	 so	 that	 the	 process	 do	 not	 require	
oxidative	 addition/reductive	 elimination	 to	 take	 place.	 Thanks	 to	 these	 properties,	 catalytic	
applications	have	been	developed	for	both	types	of	non‐innocent	ligands,	and	some	representative	
examples	are	described	hereafter.	
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1.2.1	Redox	Non‐Innocent	Ligands	
It	is	known	that	the	reactivity	and	catalytic	behavior	of	a	complex	can	be	strongly	affected	by	tuning	
the	 electronic	 properties	 of	 the	 ligand.	 Such	 modulations	 are	 typically	 attained	 by	 introducing	
electron‐withdrawing	 or	 donating	 groups	 at	 the	 ligand,	 which	 may	 require	 laborious	 synthesis.	
However,	 through	 straightforward	 oxidation	 or	 reduction	 of	 a	 redox	 non‐innocent	 ligands,	 the	
property	of	the	whole	complex,	especially	the	Lewis	acidity	of	the	metal,	can	be	easily	tuned	without	
large	 changes	 in	 the	 steric	 environment	 of	 the	 complex.	 In	 2008,	 Rauchfuss	 and	 co‐workers	
introduced	this	concept	in	the	oxidation	of	dihydrogen	by	an	Ir(III)	complex	(Scheme	1.9).46,47	
	
Scheme	1.9	Ligand	oxidation	leading	to	increased	Lewis	acidity	of	the	metal.	
Upon	Oxidation	 of	 complex	 I	 by	 the	 silver	 tetrafluoroborate,	 the	 resultant	 cationic	 complex	 II,	
containing	a	one‐electron	ligand‐radical,	makes	the	metal	a	stronger	Lewis	acid	than	that	of	former	
non‐oxidized	form	I,	while	maintaining	its	oxidation	degree.	This	simple	method	allows	reaction	with	
H2	 to	 afford	 the	 adduct	 III.	 Later	 on,	 double	deprotonation	by	 the	non‐coordinating	base	2,6‐	 (t‐
Bu)2C5H3N	(2,6‐di‐tBu‐pyridine;	TBP)	efficiently	leads	to	the	oxidation	of	H2.		
Comparatively,	the	most	prevalent	application	of	the	redox	non‐innocent	ligands	in	catalysis	is	to	
employ	 them	 as	 electron‐reservoirs.	 In	 “classical”	 homogeneous	 catalysis,	many	 transformations	
involve	two	electron	transfers	between	the	metal	and	the	substrate	via	reductive	elimination	(RE)	or	
oxidation	addition	(OA).	Such	transformations	are	common	for	2nd	and	3rd	row	transition	metals,	in	
particular	the	noble	ones,	such	as	Pd,	Pt,	Rh,	etc.,	but	rather	difficult	for	cheaper	and	earth	abundant	
1st	 row	 transition	 metals	 (Fe,	 Co,	 etc.).	 In	 this	 context,	 if	 the	 redox	 non‐innocent	 ligands	 can	
temporarily	store	extra	electrons	or	vice	versa,	 the	complex	as	a	whole	 is	capable	 to	mediate	 the	
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multiple	electron	 transformations,	 concomitantly	maintaining	 the	most	 common/stable	oxidation	
state	of	the	metal.	That	is	to	say,	the	redox	non‐innocent	ligands	can	endow	1st	row	transition	metals	
with	new	reactivity	and	behave	as	noble	metals.	It	is	foreseen	that	such	combinations	of	redox	non‐
innocent	ligands	and	transition	metals	will	lead	to	catalytic	improvements	in	existing	processes.	
Although	the	development	of	redox	non‐innocent	systems	is	still	in	its	infancy,	a	handful	of	such	
ligands,	including	quinones,	dithiolens	and	α‐dimines,48	have	been	widely	recognized	and	thoroughly	
investigated.	Lately,	the	use	of	ligands	such	as	bis(imino)pyridines,	diphenylamines,	and	even	Fischer	
carbenes	have	received	increasing	attentions	for	redox	chemistry.49	Particularly,	bis(imino)pyridines	
have	shown	to	undergo	ligand‐based	redox	events,	which	maintain	the	formal	oxidation	state	of	the	
coordinated	metal.49‐51	Chirik	and	co‐workers	made	significant	progress	by	taking	advantage	of	such	
electron‐reservoirs	properties	(Scheme	1.10).52,53	In	an	illustrative	example,	a	dianionic	tridentate	
NNN‐ligand,	which	is	actually	the	2e‐reduced	form	of	the	redox‐active	2,6‐diiminepyridine	ligand,	
has	been	efficiently	applied	to	intramolecular	[2+2]	cycloadditions.50,54	
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Scheme	1.10	Redox	non‐innocent	2,6‐diiminepyridine	ligand	as	an	electron‐reservoir.	
The	formed	bis‐dinitrogen	Fe(II)	complex	A	bearing	such	a	ligand	can	react	with	a	diene	substrate	
to	 form	 the	π‐complex	B.	 Subsequently,	 a	 two‐electron	oxidative	 addition	 process	 takes	 place	 to	
furnish	 intermediate	C,	with	 formation	of	 a	new	C‐C	bond	on	 the	substrate.	Remarkably,	 the	 two	
electrons	required	for	this	transformation	originate	from	the	bis(imino)pyridine	ligand,	rather	than	
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from	 iron,	 which	maintains	 the	 energetically	 favorable	 Fe(II)	 oxidation	 state,	 instead	 of	 the	 less	
favorable	 Fe(IV).	 The	 resultant	 intermediate	 C	 then	 undergoes	 a	 formal	 two‐electron	 reductive	
elimination	 process,	 with	 formation	 of	 another	 new	 C‐C	 bond,	 to	 release	 the	 net	 product	 and	
regenerate	 the	 complex	 A.	 Therefore,	 the	 electron‐storage	 capacity	 of	 the	 ligand	 makes	 iron	 to	
maintain	its	stable	Fe(II)	oxidation	state,	instead	of	the	unstable	high‐energy	Fe(0).	Recently,	such	
kind	 of	 bis(imino)pyridine	 Fe(II)	 complexes	 have	 been	 intensively	 investigated	 and	 applied	 in	 a	
variety	of	transformations,	like	enyne	cyclization,55	intermolecular	[2+2]	cycloaddition	of	alkenes	to	
butadienes,56	and	the	olefin	polymerization.57,58	
As	mentioned	above,	the	approach	of	employing	the	1st	row	transition	metals	in	conjugation	with	
redox	non‐innocent	ligands	in	catalysis	has	increasingly	developed	in	recent	years.	Nevertheless,	a	
handful	of	examples	using	2nd	and	3rd	row	transition	metals	with	redox	non‐innocent	ligands	have	
also	been	gradually	reported.		
Van	der	Vlugt	et	al.	have	reported	recently	the	synthesis	of	a	new	redox	non‐innocent	tridentate	
NNHOH	ligand	LH2,	which	can	react	with	Pd(II)	to	furnish	a	paramagnetic	iminobenzosemiquinonato	
complex	II, bearing	the	 ligand‐centered	radical	NNOISQ	(L•),	as	supported	by	spectroscopic,	X‐ray,	
and	computational	data	(Scheme	1.11).59	After	single‐electron	processes,	complex	II	can	be	either	
reduced	to	a	diamagnetic	amidophenolate	complex	I [CoCp2][PdCl(NNOAP)],	or	oxidized	to	a	neutral	
iminobenzoquinone	complex	III	[CoCp2][PdCl(NNOIBQ)].	Notably,	complex	I	was	shown	capable	 to	
activate	aliphatic	azides	for	intramolecular	C‐H	bond	amination	to	generate	pyrrolidines.	
 
Scheme	1.11	PdII	complexes	featuring	a	redox	non‐innocent	NNO	ligands	and	associated	1e‐	transfer	
processes.		
Experimental	investigations,	including	isotopic	labeling	and	trapping	experiments,	altogether	with	
the	 computational	 study	 (DFT)	 support	 the	 ligand‐centered	 redox	 behavior	 of	 the	 complex,	 and	
indicate	 a	 process	 that	 proceeds	 via	 intramolecular	 single‐electron	 transfer	 from	 the	 redox	 non‐
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innocent	ligand	to	the	substrate	upon	thermal	activation	of	the	azide	(Scheme	1.12).	As	a	result,	an	
unusual	‘nitrene‐radical,	ligand‐radical’	Pd(II)	intermediate	B	is	generated,	with	an	open‐shell	singlet	
ground	state.	B	undergoes	then	H‐abstraction	and	cyclization	processes	to	lead	to	the	final	product.	
The	redox	non‐innocent	NNO	 ligand	 is	suggested	 to	endow	single‐electron	reactivity	upon	Pd(II),	
allowing	radical‐type	pathways	with	a	metal	that	normally	undergoes	two‐electron	processes.	
	 	
Scheme	1.12	Proposed	mechanism	for	radical	type	sp3	C‐H	amination	with	I.		
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1.2.2	Cooperative	Non‐Innocent	Ligands	
Cooperative	non‐innocent	ligands,	which	function	as	a	“co‐actor”	with	metals	to	directly	participate	
in	the	formation	and	cleavage	of	chemical	bonds,	are	obviously	of	prime	importance	in	catalysis.	A	
wide	 range	of	 catalytic	 systems	 involving	cooperative	non‐innocent	 ligands	have	been	developed	
during	the	last	decade,	but	in	this	section	only	two	representative	examples	will	be	discussed	in	order	
to	 illustrate	 the	 approach.	 Then,	 some	 of	 the	most	 characteristic	 catalytic	 applications	 involving	
metal‐ligand	cooperation	will	be	discussed	in	the	next	section.		
The	first	type	of	cooperative	ligand	is	the	amido	ligands.	They	have	been	recognized	as	cooperative	
ligands	for	long	time,	and	transition	metal	amido	complexes	have	demonstrated	to	be	reactive60‐62	
and	 play	 an	 important	 role	 in	 both	 stoichiometric	 and	 catalytic	 reactions,	 in	 particular,	 the	
hydrogenation	of	unsaturated	substrates	RR’C=X	(X	=	O,	NR).63	
In	2006,	Bergman	and	co‐workers	reported	a	chiral	zirconium	bis‐(amido)	complexes,	which	 is	
formed	 in	 situ	 by	 combination	 of	 diphosphinic	 amides	 and	 Zr(NMe2)4	 (Scheme	 1.13).64	 Such	
complexes	are	competent	catalysts	for	intramolecular	asymmetric	alkene	hydroamination,	leading	
to	piperidines	and	pyrrolidines	in	high	yields	and	up	to	80%	ee.	Here,	the	amido	ligands	play	the	role	
of	bases	and	are	typically	liberated	from	the	coordination	sphere	of	the	metal	as	an	amine.	However,	
the	reactivity	of	the	amido	group,	capable	of	activating	C‐H	and	N‐H	bonds,	nicely	illustrates	the	high	
potential	of	this	kind	of	ligand.		
		
Scheme	1.13	Zirconium	amido	complex	catalyzed	intramolecular	hydroamination.	
In	 2001,	Noyori	was	 awarded	 the	Nobel	 Prize	 for	 his	 spectacular	 achievements	 in	 asymmetric	
catalysis.65	In	particular,	his	group	has	made	tremendous	contributions	on	metal‐ligand	cooperative	
transformations.	 Their	 feature	 chiral	 RuII	 amido	 complexes,	 display	 very	 high	 activity	 and	
enantioselectivity	 (turnover	 frequency	 (TOF)>200	 000	 h‐1;	 turnover	 numbers	 (TON)>2	 ×	 106;	
ee>98%).	 The	 representative	 catalytic	 mechanism	 of	 hydrogenation	 of	 ketones	 by	 such	 amido	
complexes	 is	 shown	below	 (Scheme	1.14).	 Initially,	 the	H2	molecule	 is	 coordinated	 to	 the	 vacant	
coordination	site	of	 the	coordinatively	unsaturated	Ru	center	via	a	σ	bond,	and	subsequently	 the	
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heterolytic	cleavage	takes	place	across	the	RuII–amido	bond	to	give	a	RuII	amino	hydride	complex.	
Afterwards,	the	ketone	binds	to	this	complex	in	the	second	coordination	sphere	by	NHδ+	and	RuHδ‐	
groups,	and	undergoes	a	hydrogenation	process	in	a	quasi‐concerted	way,	to	give	the	alcohol	product	
with	 the	regeneration	of	 the	Ru	amido	complex.	The	oxidation	state	of	Ru	remains	unchanged	all	
along	the	process	(RuII)	and	the	ketone	reduction	takes	places	according	to	a	so	called	outer‐sphere	
mechanism.	
	
Scheme	1.14	Mechanism	of	hydrogenation	of	ketones	by	chiral	RuII	amido	complexes.	
Among	the	variety	of	complexes	bearing	cooperative	non‐innocent	ligands	reported	in	literature,	
pincer	 complexes	 derived	 from	 bis(di(tert‐butyl)phosphinomethyl)pyridine	 ligand	 have	 found	
widespread	applications	in	synthesis,	bond	activation	and	catalysis,	and	continuously	attract	huge	
interest	due	to	their	high	stability,	activity	and	variability	(Figure	1.7).	
 
	Figure	1.7	Milstein’s	1st	generation	catalyst	precursor	of	complex	[RuIICl(N2)H(tBu‐PNP)].	
Pincer	ligands	are	tridentate	ligands	that	coordinate	to	a	metal	center	in	a	meridional	fashion.	The	
first	pincer	ligand	was	introduced	by	Shaw	and	co‐workers	in	1970s.66	During	the	past	40	years,	the	
pincer	ligand	has	established	itself	as	a	privileged	ligand	in	a	variety	of	research	area.	(Figure	1.8)	
Primarily,	the	pincer‐transition	metal	chemistry	concentrated	on	the	applications	of	PCP‐	and	SCS‐
pincer	ligands	(with	“soft”	P‐	or	S‐donor	sites).	Lately,	researchers	started	to	apply	the	NCN‐pincer	
ligands	(with	“hard”	sp3	amine	donor	groups).67,68		
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Figure	1.8	Typical	Pincer‐metal	platform.	
Particularly	noteworthy	is	the	preparation	by	Milstein	and	co‐workers	a	decade	ago	of	the	Ru	(II)	
complexes	with	the	“pincer”	 ligand	bis(di(tert‐butyl)phosphinomethyl)pyridine	(tBu‐PNP).69	Since	
then,	several	analogous	complexes	have	also	been	prepared	by	structural	modulation	of	the	ligand	
and	the	metal.	Their	reactivity	and	catalytic	activity	have	been	thoroughly	investigated,	in	particular	
their	 ability	 to	 promote	 the	 acceptorless	 and	 acid‐free	 dehydrogenation	 of	 alcohols	 to	 carbonyl	
compounds.70	The	main	particularity	of	these	complexes	is	their	ability	to	be	deprotonated	in	the	
presence	 of	 a	 base	 to	 form	 a	 pyridine	 dearomatized	 pincer	 complex.	 Such	 kind	 of	 dearomatized	
complex	can	then	activate	chemical	bonds	(H‐Y;	Y	=	H,	OH,	OR,	NH2,	NR2,	C)	by	cooperation	between	
the	metal	and	the	ligand,	thereby	regaining	aromatization.	Notably,	the	metal	oxidation	state	remains	
unchanged	during	the	process	(Scheme	1.15).	
 
Scheme	1.15	Aromatization/dearomatization	of	Milstein	pincer	complexes. 
The	 first‐generation	 catalyst	 precursor	 [RuIICl(N2)H(tBu‐PNP)]	 (Figure	1.7)	was	 applied	 for	 the	
dehydrogenation	of	secondary	alcohols	into	the	corresponding	ketones	with	liberation	of	dihydrogen.	
However,	the	efficiency	of	this	transformation	is	quite	low	even	at	elevated	temperature	(>	100	°C)	
and	 in	 the	presence	of	 a	base.	 In	 addition,	 the	primary	 alcohols	 cannot	be	 transformed	with	 this	
system,	unless	the	steric	hindrance	of	the	metal	complex	is	reduced	by	replacing	the	bulky	tBu	groups	
for	iPr	groups.	In	this	regard,	the	analogous	[RuIICl(CO)H(iPr‐PNP)]	complex	was	prepared	and	used	
to	 convert	 1‐hexanol	 into	 the	 corresponding	 ester	 hexyl	 hexanoate	 and	 H2.	 Nevertheless,	 the	
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reactivity	of	such	modified	complex	was	also	low	for	this	transformation	(68%	conversion	at	157	°C	
in	24	h	with	a	substrate/catalyst	(S/C)	ratio	of	1000:1).		
Later	on,	a	remarkable	improvement	from	the	same	group	was	achieved,	by	replacing	one	of	the	
R’’2PCH2	arms	in	the	tridentate	PNP	ligand	by	an	aminomethylene	group	(Scheme	1.16).71	In	this	case,	
the	 complex	 not	 only	maintains	 the	 cooperativity,	 but	 also	 profits	 of	 the	 hemilability	 of	 the	 less	
strongly	bound	amino	function.	This	new	complex	1,	in	the	presence	of	1.0	equiv.	of	base,	efficiently	
promote	dehydrogenative	esterification,	exceeding	the	original	complex	(92%	conversion	at	157	°C	
in	24	h).	In	order	to	further	improve	the	reaction,	it	is	desirable	to	avoid	the	need	for	an	external	base.	
Upon	treatment	with	1.0	equiv.	of	KOtBu	at	‐32	°C,	complex	1	undergoes	a	dearomatization	process,	
resulting	in	the	deprotonation	at	the	benzylic	phosphine	arm,	rather	than	the	hydride	ligand,	to	form	
an	anionic	PNN	ligand.	The	dearomatized	compound	2	can	be	used	directly	as	catalyst.	
	
Scheme	1.16	Milstein’s	2nd	generation	PNN	type	complex	and	its	catalytic	activity	in	the	dehydrogenative	
coupling	of	alcohols.	
By	virtue	of	this	novel	cooperative	mode,	a	large	number	of	different	transformations	have	been	
successfully	developed,	and	some	of	them	will	be	presented	in	the	following	section.	
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1.3	Metal‐Ligand	Cooperative	Catalytic	Processes	
In	view	of	global	concerns	regarding	the	environment	and	sustainable	energy	resources,	there	is	a	
pressing	need	for	the	development	of	new,	atom‐economical	and	environmentally‐benign	catalytic	
reactions.	In	this	context,	novel	approaches	are	highly	desirable.	Recent	years	have	witnessed	the	
metal‐ligand	 cooperation	 emerging	 as	 an	 extremely	 important	 concept	 in	 catalysis	 by	 transition	
metal	complexes	both	in	synthetic	and	biological	systems.72,73	Complexes	bearing	cooperative	ligands	
have	exhibited	remarkable	catalytic	activity	towards	bond	activations,	including	the	H‐H,	R‐H	(sp2	
and	sp3),	heteroatom‐hydrogen	(O‐H,	N‐H,	etc.)	bonds.	They	efficiently	promote	transformations	that	
were	so	far	difficult	or	unattainable.74,75			
1.3.1	Metal‐Ligand	Cooperation	upon	Hydrogenation	
Catalytic	hydrogenation/dehydrogenation	processes	are	widely	used	in	the	chemical	industry.	The	
hydrogenation	reactions	are	particularly	important	in	the	preparation	of	pharmaceuticals	and	fine	
chemicals.	Ligand‐associated	heterolytic	activation	of	H2	is	particularly	attractive	since	it	is	a	key	step	
in	most	hydrogenation	catalysis.	The	pioneering	work	in	this	area	dates	back	to	1980s,	by	Fryzuk	and	
co‐workers,	 introducing	 the	 organometallic	 amide	 complexes	 of	 rhodium	 and	 iridium.76	 The	
important	concept	of	reversible	storage	of	H2	upon	a	transition	metal‐ligand	framework	was	later	
proposed	 by	 Crabtree.77,78	 Among	 the	 most	 successful	 catalytic	 applications	 are	 the	 Noyori’s	
hydrogenation65,79	(Figure	1.9	a)	and	Noyori	‐	Ikariya’s	transfer‐hydrogenation	catalysts	(Figure	1.9	
b).80‐83		
 
Figure	1.9	Noyori	and	Ikariya’s	feature	catalysts	for	hydrogenation	processes.	
As	discussed	in	the	previous	section,	these	catalysts	containing	chelate	amine	ligands,	can	provide	
a	protic	N‐H	group	at	the	adjacent	α‐position	of	the	metal	center.	Such	nitrogen	ligand	function	either	
as	an	H‐bond	donor	to	the	substrate	in	the	protonated	amine	form,	or	as	an	internal	Brønsted	base	
in	 the	 deprotonated	 amido	 form,	 to	 achieve	 efficient	 catalytic	 transformations.	 Such	 discoveries	
marked	 the	 inception	 of	 the	 rational	 design	 of	 chiral	 catalysts	 with	 unprecedented	 activity	 and	
selectivity	in	the	reduction	of	prochiral	ketones	and	imines.		
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In	 some	 cases,	 as	 in	 the	 reduction	 of	 α,β‐unsaturated	 ketones,	 the	 chemoselectivity	 of	 these	
systems	 is	of	great	value.	Efficient	and	selective	asymmetric	hydrogenation	of	carbonyl	groups	 in	
olefinic	 ketones,	 especially	 the	 α,β‐unsaturated	 ketones,	 is	 a	 long‐standing	 problem	 in	 organic	
chemistry.	 The	 resultant	 chiral	 allyl	 alcohol	 products	 are	 important	 intermediates	 for	 further	
transformations,	such	as	Claisen	reaction	and	a	range	of	SN2'	substitution	reactions.84,85	Various	metal	
hydride	 reagents,	 such	 as	 NaBH4	 and	 LiAlH4,	 can	 reduce	 the	 C=O	 linkage	 selectively,	 but	
stoichiometrically.	Despite	extensive	efforts,	most	reported	catalyst	systems	are	selective	for	the	C=C	
bonds,	 rather	 than	 the	 C=O	 bonds.	 Moreover,	 some	 simple	 enones	 are	 very	 sensitive	 to	 basic	
conditions,	hindering	the	utility	of	some	catalytic	systems	involving	bases.	An	elegant	solution	was	
reported	 by	 Noyori’s	 group	 with	 the	 XylBINAP/DAIPEN‐ruthenium	 catalyst	 (S,S)‐[Ru]	 a.	 In	 the	
presence	 of	 this	 complex	 and	 K2CO3,	 a	 weak	 base	 co‐catalyst,	 benzalacetone	 can	 be	 efficiently	
hydrogenated	in	2‐propanol	to	the	corresponding	R	alcohol	in	97%	ee	under	80	atm	of	H2	(Scheme	
1.17).86	This	catalytic	system	can	give	access	to	a	variety	of	chiral	allyl	alcohols,	from	the	structurally	
flexible	 enones.	 Some	 of	 the	 allylic	 alcohol	 products	 are	 the	 key	 intermediate	 for	 anthracycline	
antibiotics.	
	
Scheme	1.17	Selective	formation	of	allyl	alcohol	with	the	XylBINAP/DAIPEN‐ruthenium	catalyst	a.	
Such	 phosphane/1,2‐diamine‐ruthenium	 complexes	 have	 been	 intensively	 investigated	 by	
Noyori’s	group	and	widely	utilized	to	catalyze	asymmetric	hydrogenation	of	a	large	variety	of	simple	
ketones	efficiently,	 surpassing	 the	classical	methods	 in	 terms	of	 substrates	scopes	and	 functional	
group	tolerance.	
Since	the	pioneering	work	reported	in	1995(Figure	1.10),87	Ikariya	and	co‐workers	have	developed	
a	series	of	chiral	catalysts	for	very	practical	asymmetric	transfer	hydrogenation,	with	isopropanol	as	
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hydrogen	source.	With	these	complexes,	a	wide	spectrum	of	chiral	alcohols	is	now	accessible	with	
excellent	ee	under	mild	reaction	conditions.80	
 
Figure	1.10	Ikariya’s	catalysts	for	asymmetric	transfer	hydrogenation.	
Similar	to	the	Noyori’s	complex,	the	activation	of	isopropanol	with	these	systems	is	suggested	to	
involve	the	contribution	of	the	amido	moiety,	to	form	complex	d	and	acetone.	Then,	hydrogenation	
transfer	 to	a	ketone	substrate	was	proposed	 to	occur	 in	a	concerted	manner	via	a	six‐membered	
transition	state	TS,	from	a	hydride	of	the	Ru‐H	group	and	a	proton	of	the	N‐H	group	to	the	carbonyl	
group	(Scheme	1.18).	
 
Scheme	1.18	Proposed	mechanism	for	Ru‐catalyzed	of	enantioselective	transfer	hydrogenation.	
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1.3.2	Metal‐Ligand	Cooperation	upon	Dehydrogenation	
Noteworthy,	dehydrogenation	reactions	are	relatively	problematic,	mainly	because	they	usually	
undergo	a	 thermodynamically	unfavorable	process,	 requiring	 stoichiometric	or	 excess	 amount	of	
oxidants,	such	as	O2,	peroxides,	 iodates,	and	metal	oxides,	or	even	a	sacrificial	hydrogen	acceptor.	
Most	of	these	classical	stoichiometric	methods	lead	to	the	generation	of	wasteful	by‐products,	which	
obviously	frustrates	the	future	trend.	To	circumvent	such	drawbacks,	numerous	examples,	involving	
transition	metal	complexes,	in	particular	the	metal‐ligand	complexes,	have	been	reported	by	several	
groups.		
1.3.2.1	Dehydrogenation	of	Alcohols	
As	previously	mentioned,	Milstein	et	al.	developed	a	ruthenium	PNP	type	pincer	complex	e	[2,6‐
bis‐(di‐tert‐butylphosphinomethyl)pyridine].69	 The	 dehydrogenation	 of	 secondary	 alcohols	 to	 the	
corresponding	 ketones	 can	 be	 catalyzed	 in	 the	 presence	 of	 base,	with	 only	 low	 catalytic	 loading	
(Scheme	1.19	a).	The	catalytic	system	was	modified	by	treatment	with	an	excess	(5	equiv.)	of	NaBH4	
in	2‐propanol	for	12	h,	resulting	in	the	formation	of	new	PNP	Ru(II)	hydrido	borohydride	complex	
f.88	Meanwhile,	an	analogous	PNN	Ru	(II)	hydrido	borohydride	g	was	also	prepared,	following	the	
same	strategy.	These	two	complexes	can	catalyze	the	same	reaction	without	participation	of	external	
base,	by	using	only	0.1	mol%	of	catalyst	loading	(Scheme	1.19	b	and	c).		
 
Scheme	1.19	Dehydrogenation	of	alcohols	catalyzed	by	complexes	e‐i.	
Two	 other	 types	 catalytic	 systems	 were	 later	 introduced	 by	 Yamaguchi	 and	 Gelman.	 In	 2007,	
Yamaguchi	and	co‐workers	reported	a	new	Cp*Ir	complex	h	containing	a	2‐hydroxypyridine	ligand.	
It	 oxidizes	 various	 secondary	 alcohols	 to	 ketones	 under	 neutral	 conditions	 with	 high	 turnover	
numbers	 (Scheme	1.19	h).89	 In	2010,	Gelman	and	co‐workers	designed	a	new	bifunctional	PCsp3P	
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pincer	complex	i,	which	catalyzes	the	dehydrogenation	of	both	primary	and	secondary	alcohols	to	
afford	carbonyl	and	carboxylic	compounds	(Scheme	1.19	i).90	The	key	step	of	the	process	involves	in	
both	cases	cooperation	between	the	structurally	remote	hydroxyl	functionality	and	the	metal	center	
(Scheme	1.20).	
 
Scheme	1.20	General	mechanism	for	the	dehydrogenation	of	alcohols	catalyzed	by	complexes	d	and	e.	
Comparatively,	 related	dehydrogenation	of	primary	alcohols	 to	 the	 corresponding	aldehydes	 is	
scarcely	 reported,	mainly	due	 to	 the	deactivation	of	 the	 ruthenium	complexes	 resulting	 from	 the	
decarbonylation	 of	 the	 aldehydes.	 Recently,	 Fujita	 and	 Yamaguchi	 reported	 an	 iridium	 catalyst	 j	
which	can	realize	the	transformation	of	alcohols	into	aldehydes	(Scheme	1.21).91	A	further	modified	
water‐soluble	catalyst	k	was	developed	that	can	catalyze	the dehydrogenation	of	both	secondary	and	
primary	alcohols	 in	water.	Mechanistic	 investigations	disclosed	 the	 crucial	 involvement	of	metal‐
ligand	cooperation	in	these	reactions.92,93	
	
Scheme	1.21	Iridium	complexes	catalyzed	dehydrogenation	of	alcohols	into	aldehydes	and	ketones.	
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1.3.2.2	Dehydrogenative	Coupling	of	Alcohols	to	Form	Esters	
Esterification	is	one	of	the	most	fundamental	and	important	transformations	in	organic	synthesis,	
in	particular	in	the	production	of	fine	chemicals	such	as	fragrances	and	pharmaceuticals.	Here	there	
is	a	particular	interest	in	synthetic	routes	that	do	not	require	large	amounts	of	condensing	reagents	
and	 activators.	 Instead	 of	 the	 conventional	 condensation	 of	 alcohols	 and	 carboxylic	 acids	 (or	
derivatives	 thereof),	 the	 direct	 catalytic	 transformation	 of	 alcohol	 into	 esters	 is	 very	 attractive	
(Scheme	1.22).	However,	catalytic	systems	in	accordance	with	such	approaches	for	ester	synthesis	
are	rarely	reported	with	only	two	pioneering	contributions	so	far.		
 
Scheme	1.22	Envisaged	direct	catalytic	esterification	from	alcohols.	
In	1984,	during	the	investigation	of	Ru‐catalyzed	alcohol	transfer	dehydrogenation,	the	ruthenium	
complex	 [(η4‐tetracyclone)(CO)2Ru]2	 and	 its	 analog	 (η4‐tetracyclone)(CO)3Ru	were	 discovered	 by	
Shvo	and	co‐workers	(Scheme	1.23).94	This	dinuclear	Ru	complex	bearing	a	tetraphenyl‐substituted	
hydroxycyclopentadienyl	ligand,	has	been	widely	used	as	a	stable	pre‐catalyst	for	a	range	of	reactions	
involving	 hydrogen	 transfer	 process,	 such	 as	 hydrogenation	 of	 carbonyl	 compounds	 and	 imines,	
direct	hydrogenation,	alcohol	and	amine	dehydrogenation	etc.95	
 
Scheme	1.23	Shvo	complex	and	its	dissociation	in	solution.	
In	the	solid	state,	Shvo	complex	adopts	the	dinuclear	structure	l;	while	during	the	catalytic	process,	
it	 dissociates	 in	 solution	 into	 two	 part,	 i.e.	 the	 monomeric	 complex	m	 and	 the	 coordinatively	
unsaturated	one	n,	which	are	indeed	responsible	for	the	catalytic	activity.	This	system	is	among	the	
earliest	examples	of	hydrogen	transfer	catalysis	involving	metal	/	ligand	cooperativity.	Casey96,97	and	
Backvall98	 supported	 the	 mechanisms	 for	 hydrogenation/dehydrogenation	 processes	 through	
kinetic	isotope	effect	(KIE)	studies	(Scheme	1.24).	In	an	outersphere	process,	the	18e‐	complex	m	
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simultaneously	transfers	the	hydride	from	the	Ru(II)	center	and	the	proton	from	the	O‐H	group	of	
the	ligand	to	the	carbonyl	group.	Complex	n	promotes	the	reverse	process,	namely	the	outersphere	
alcohol	dehydrogenation.	
	
Scheme	1.24	Proposed	mechanism	of	hydrogen	transfer	with	Shvo	complexes	m/n.	
With	such	complexes,	benzyl	benzoate	and	pentyl	pentanoate	can	be	obtained	directly	from	the	
corresponding	neat	alcohols	at	137°	‐	145°C.	The	aldehyde	formed	by	alcohol	dehydrogenation	reacts	
with	the	excess	of	alcohol,	and	the	resulting	hemiacetal	is	subsequently	dehydrogenated.	However,	
yields	and	reaction	times	were	not	reported.		
As	mentioned	before,	Milstein	and	co‐workers	discovered	a	novel	series	of	PNP	and	PNN	pyridine‐
based	 ruthenium	 pincer	 complexes	 with	 a	 new	 mode	 of	 metal‐ligand	 cooperation,	 involving	
aromatization‐dearomatization	process	of	the	pyridine	moiety,	leading	to	unusual	bond	activation	
and	to	novel,	environmentally	benign	catalysis.71	
These	 complexes	 can	perform	direct	 catalytic	 dehydrogenative	 coupling	of	 primary	 alcohols	 to	
esters	with	high	efficiency	(Scheme	1.25).	Complexes	o,	p,	and	r	need	a	catalytic	amount	of	base,	for	
in	situ	generation	of	 the	corresponding	dearomatized	complexes	by	deprotonation,	which	are	the	
actual	 catalysts	 (KOH,	 67	 %,	 24	 h;	 95	 %,	 24	 h).	 Complex	 q	 itself	 promotes	 the	 reaction	 and	
demonstrates	the	best	activity	(99	%,	6	h).		
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Scheme	1.25	Catalytic	dehydrogenative	coupling	of	primary	alcohols	to	esters	catalyzed	by	Milstein	
complexes.	
Remarkably,	 the	 direct	 dehydrogenative	 cross‐coupling	 of	 primary	with	 secondary	 alcohols	 to	
form	mixed	esters	was	also	achieved	by	using	a	related	bipyridine‐based,	dearomatized	complex	s	
(Scheme	1.26).99	
	
Scheme	1.26	Catalytic	dehydrogenative	coupling	of	primary	and	secondary	alcohols	to	mixed	esters.	
More	specifically,	 the	 intramolecular	esterification	with	diols	can	be	used	 to	directly	obtain	the	
corresponding	 lactones	 with	 liberation	 of	 H2	 (Scheme	 1.27).	 This	 unique	 transformation	 can	 be	
achieved	by	complex	g.88	
 
Scheme	1.27	Catalytic	intramolecular	dehydrogenative	coupling	of	primary	and	secondary	alcohols	into	
lactones.	
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1.3.2.3	Dehydrogenative	Coupling	of	Alcohols	and	amines	to	form	amides	
Amide	formation	is	a	fundamental	reaction	in	chemical	synthesis.	The	important	role	of	amides	in	
both	chemistry	and	biology	have	been	long	recognized,	with	extensive	investigations	over	the	past	
century.	 Similar	 to	 other	 fundamental	 reactions,	 approaches	 that	 can	 proceed	 under	 neutral	
conditions	with	generation	of	less	wastes,	are	always	desirable.	An	ideal	approach	is	obviously	the	
direct	transformation	of	alcohols	and	amines	to	the	corresponding	amides,	with	clean	liberation	of	
H2.100	 However,	 this	 reaction	 is	 difficult	 to	 achieve	 because	 of	 competitive	 dehydration	 of	 the	
intermediate	hemiaminals	leading	to	imines.	
By	 virtue	 of	 complex	q,	 a	 range	 of	 alcohols	 could	 readily	 react	with	 alkyl	 and	 aryl	 amines	 and	
diamines	 to	 generate	 amides	 with	 liberation	 of	 H2,	 using	 very	 low	 catalyst	 loadings	 (0.1	mol%)	
(Scheme	1.28).101	In	addition,	under	such	conditions,	the	reactions	are	selective	towards	the	primary	
amine	functionality.	
 
Scheme	1.28	Catalytic	dehydrogenative	coupling	of	alcohols	and	amines	for	amides.	
Initially,	complex	q	catalyzes	the	dehydrogenation	of	the	alcohol	to	the	corresponding	aldehyde	as	
previously	described	(Scheme	1.29).	The	resultant	aldehyde	A	then	reacts	with	the	amine	to	form	the	
hemiaminal	B,	which	then	reacts	with	complex	q	to	form	target	amide	product	C	by	dehydrogenation.	
Noteworthily,	the	dehydrogenation	of	the	hemiaminal	B	to	form	the	amide	is	more	favorable	than	
the	commonly	occurring	water	elimination.	Only	a	trace	amount	of	the	imine	side	product	is	observed	
in	this	catalytic	system.	
	
34	
	
 
Scheme	1.29	Proposed	mechanism	for	direct	coupling	of	amines	and	alcohols	into	amides	catalyzed	by	q.	
An	alternative	approach	employing	esters	and	amines	instead	of	alcohols	and	amines	has	also	been	
reported	to	directly	synthesize	the	amides.	Complex	q	efficiently	catalyzes	this	transformation	with	
the	liberation	of	H2	under	neutral	conditions	(Scheme	1.30).102	Ethyl	acetate,	which	is	a	cheap	and	
abundant	 ester,	 can	 be	 applied	 as	 a	 convenient,	 atom‐economical	 acetylation	 agent	 of	 amines,	
generating	H2	as	the	only	by‐product.		
 
Scheme	1.30	Catalytic	dehydrogenative	coupling	of	esters	and	amines	into	amides	catalyzed	by	q.	
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1.3.3	Metal‐Ligand	Cooperation	beyond	Hydrogenation/Dehydrogenation	
				As	 discussed	 in	 this	 section,	metal‐ligand	 cooperation	 has	 developed	 rapidly	 since	 the	 seminal	
work	of	Noyori,	Shvo,	Milstein,	….	Most	of	the	efforts	have	been	focused	so	far	to	transformations	
involving	 H2	 activation,	 H2	 transfer,	 and	 hydrogenation/dehydrogenation	 processes.	 However,	
although	they	are	much	less	abundant,	other	applications	involving	activation	of	X‐H	or	multiple	CC	
bonds	have	recently	been	reported.	
1.3.3.1	Metal‐Ligand	Cooperation	Involving	Si‐H	Bond	Activation	
The	metal‐mediated	activation	of	Si‐H	bonds	is	widely	recognized	as	a	direct	and	efficient	strategy	
for	 the	 functionalization	 of	 organic	 substrates.103	 Recently,	 Tatsumi,	 Oestreich	 et	 al.	 reported	 a	
coordinatively	 unsaturated	 cationic	 ruthenium(II)	 complex	 t,	 bearing	 a	 tethered	 thiolate	 ligand,	
capable	to	promote	the	dehydrogenative	C‐H	silylation	of	indoles(Scheme	1.31)	via	sequential	Si‐H	
bond	activation	and	SEAr	process.		
 
Scheme	1.31	Ru	complex	catalyzed	indole	selective	dehydrogenative	C‐H	silylation.	
The	M‐S	bond	is	capable	to	heterolytically	split	the	Si‐H	bond	across	the	Ru‐S	bond,	to	form	sulfur‐
stabilized	 silicon	 electrophile,	 while	 maintaining	 the	 Ru‐S	 interaction	 (Scheme	 1.32).104	 This	
presumed	sulfur‐stabilized	trivalent	silicon	cation	of	complex	t‐1	is	then	attacked	by	the	C‐3	position	
of	indole,	yielding	the	Ru‐H	hydride	complex	t‐2.	The	weakly	basic	sulfur	atom	of	complex	t‐2	can	
abstract	 the	 proton	 from	 the	Wheland	 type	 intermediate	B,	 resulting	 in	 the	 formation	of	 the	net	
product	 C	 and	 complex	 t‐3.	 Such	 complex	 t‐3	 is	 known	 to	 release	 H2	 immediately,	 with	 the	
regeneration	of	t.	Noteworthily,	the	sulfur	moiety	of	the	ligand	plays	a	key	role	in	all	steps	of	this	
catalytic	transformation.	
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Scheme	1.32	Proposed	mechanism	for	Ru	complex	catalyzed	indole	selective	C‐H	bond	functionalization.	
Another	 interesting	 example	 involving	 Si‐H	 and	 C‐F	 bond	 activation	 promoted	 by	 the	 same	
tethered	 ruthenium	 thiolate	 complex	 t	 was	 reported	 later	 on	 by	 Oestreich	 and	 co‐workers.105,169	
Following	 the	 heterolytic	 activation	 of	 the	 Si‐H	 bond	 across	 the	 Ru‐S	 bond,	 the	 sulfur‐stabilized	
silylium	formed	is	electrophilic	enough	to	abstract	fluoride	from	CF3	substituted	anilines	(Scheme	
1.33).	
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Scheme	1.33	Hydrodefluorination	of	CF3	substituted	anilines	catalyzed	by	the	Ru	thiolate	complex	t.	
	
1.3.3.2	Metal‐Ligand	Cooperation	upon	Hydroamination	
Nitrogen‐containing	compounds	are	among	the	most	important	compounds	in	chemistry.	They	are	
widely	 found	 in	 valuable	 and	 commercially	 important	 bulk	 chemicals,	 specialty	 chemicals	 and	
pharmaceuticals.106	Among	numerous	synthetic	routes,	hydroamination	leading	to	direct	formation	
of	a	new	C‐N	bond	by	addition	of	a	N‐H	bond	to	an	unsaturated	C‐C	multiple	bond,	is	obviously	of	
prime	significance.107,108	
An	elegant	example	using	metal‐ligand	cooperation	for	hydroamination	was	reported	by	Ikariya	
and	co‐workers,	employing	an	iridium‐pyrazole	complex	u	for	the	intramolecular	hydroamination	of	
non‐activated	aminoalkenes	(Scheme	1.34).109	
 
Scheme	1.34	Ir‐pyrazole	complex	catalyzed	hydroamination	of	alkenes.	
Mechanistically,	the	authors	proposed	two	plausible	paths	(Scheme	1.35).	In	path	a,	the	Ir	metal	
center	activates	the	olefin	by	coordination,	favoring	the	nucleophilic	attack	of	the	amine.	This	step	is	
assisted	by	a	secondary	interaction	between	the	N‐H	group	of	the	amine	and	the	basic	pyrazolato	
ligand.	Subsequently,	the	resultant	intermediate	u‐3	undergoes	a	proton	transfer	from	the	pyrazole	
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backbone,	to	release	the	cyclized	product	and	the	regenerate	complex	u.	In	path	b,	complex	u	and	the	
substrate	form	an	amido–pyrazole	intermediate	u‐2	by	activation	of	the	N‐H	bond.	The	ensuing	step	
would	 involve	 the	 coordination	 of	 the	 olefin	 to	 the	metal	 center	 and	 insertion	 on	 the	M‐N	 bond	
leading	to	u‐3,	although	it	seems	less	plausible.	Whatever	the	pathway,	the	β‐nitrogen	group	in	the	
bifunctional	pyrazole/pyrazolato	complexes	should	play	an	important	role	in	this	hydroamination	
process.	
 
Scheme	1.35	Ir‐pyrazole	complex	catalyzed	hydroamination	of	alkenes.	
Muñiz	and	co‐workers	also	reported	an	efficient	activation	of	N‐H	bonds,	by	using	a	well‐defined	
ruthenium	amido	complex	v.110	With	this	complex,	an	enantioselective	catalytic	aza‐Michael	reaction	
is	promoted	to	give	rise	to	indoline	β‐amino	acids	(Scheme	1.36).	
 
Scheme	1.36	Ru	complex	catalyzed	enantioselective	amination	of	acrylates	via	N–H	activation.	
	
The	authors	proposed	a	plausible	mechanism	with	double	contribution	of	the	ligand	(Scheme	1.37).	
It	 starts	with	 the	 crucial	metal‐ligand	 cooperative	 activation	 of	 the	N‐H	bond	of	 the	 substrate	by	
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complex	v.	 Then,	 addition	 of	 the	 amido	 group	 to	 the	 olefin	 via	 transition	 state	v‐2	with	 a	 cyclic	
arrangement	including	an	intramolecular	hydrogen	bond	that	activates	the	olefin,	yields	the	cyclized	
product	and	regenerates	the	active	catalyst	v.	
 
Scheme	1.37	Proposed	mechanism	for	Ru	complex	catalyzed	enantioselective	amination	of	acrylates	via	N‐
H	activation.	
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1.3.4	Metal‐Ligand	Cooperation	and	Cycloisomerization	of	Alkynoic	Acids:	Context	of	
My	PhD	Research	Project	
The	last	catalytic	transformation	involving	metal‐ligand	cooperation	that	will	be	briefly	discussed	
in	this	section	has	been	developed	in	the	team	where	my	Ph.D	has	been	realized.	It	is	at	the	origin	of	
this	Ph.D	project.	Our	group	described	original	indenediide	Pd(II)	pincer	complexes,	combining	an	
electrophilic	 Pd	 center	 and	 an	 electron‐rich	 ligand	 backbone	 (indenediide).111	 The	 non‐innocent	
character	of	the	indenediide	ligand	was	first	evidenced	by	stoichiometric	reactions	with	organic	and	
metallic	 electrophiles,112,113	 and	 then	 it	 was	 applied	 to	 the	 catalytic	 intramolecular	 addition	 of	
carboxylic	acids	to	alkynes.	The	reaction	occurs	in	the	absence	of	external	base,	thanks	to	the	metal‐
ligand	 cooperative	 mode	 of	 action.114	 The	 lactones	 were	 obtained	 with	 good	 yields	 and	 high	
selectivity.	The	reaction	is	unprecedentedly	broad	in	scope,	in	particular	concerning	≥	6	membered	
rings	(Scheme	1.38).	A	more	detailed	presentation	of	this	reaction	will	be	included	in	the	following	
chapter.	
 
Scheme	1.38	Catalytic	cycloisomerization	of	alkynoic	acids	by	originally	developed	indenediide	complexes	
of	our	group. 
Despite	 the	 good	 results	 obtained	 with	 this	 indenediide	 Pd	 complex,	 some	 limitations	 were	
observed	when	working	with	certain	internal	alkynes	and	with	precursors	of	seven‐membered	rings,	
suggesting	that	there	is	room	for	improvement.	In	addition,	we	were	eager	to	extend	the	application	
of	 this	 indenediide	 system	 to	 the	 transformation	 of	 more	 challenging	 substrates,	 and	 the	
cycloisomerization	 of	 alkynyl	 amides	 leading	 to	 alkenylidene	 lactams	 was	 chosen	 as	 the	 target	
transformation.		
In	order	to	increase	the	activity	of	the	indenediide	pincer	complexes,	we	planned	to	take	profit	of	
the	structural	modularity	of	the	system,	varying	the	ligand	structure	at	the	phosphorus	substituents	
and	/	or	the	metal	center.	These	two	structural	modulations	are	at	the	origin	of	the	two	following	
chapters	of	this	thesis.	
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1.4	Summary	
The	metal‐ligand	cooperation	involving	the	non‐innocent	ligands,	either	redox	or	cooperative	ones,	
has	been	intensively	investigated.	It	has	demonstrated	interest	in	a	large	range	of	transformations.	
The	selected	examples	give	a	general	idea	of	the	strategies	followed	the	last	years	to	rationally	design	
non‐innocent	ligands.	The	combination	of	a	transition	metal	with	an	appropriate	non‐innocent	ligand	
can	lead	to	species	more	active	than	that	of	those	involved	in	classical	transition	metal	catalysis,	or	
even	enable	new	catalytic	transformations,	as	shown	by	the	impressive	results	of	Milstein’s	group.	
Actually,	 the	 reactivity	 of	 most	 of	 these	 metal‐ligand	 cooperative	 complexes	 has	 proven	
particularly	 attractive	 for	 hydrogenation	 or	 dehydrogenation‐related	 catalysis,	 involving	 the	
cleavage	of	H2	or	a	sacrificial	alcohol	as	a	crucial	step.	Moreover,	some	complexes	have	been	shown	
to	 efficiently	 activate	 X‐H	 bonds	 or	 unsaturated	 bonds.	 From	 this	 non‐exhaustive	 travel	 around	
metal‐ligand	cooperative	catalysis,	it	is	clear	that	the	development	of	new	ligand	frameworks	able	to	
display	non‐innocent	character	will	contribute	to	move	forward	and	extend	the	approach.	
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Chapter	2	Cycloisomerization	via	Palladium	Pincer	Complexes	
This	chapter	describes	the	newly‐modulated	Palladium	indenediide	pincer	complexes,	and	their	
applications	 upon	 the	 challenging	 cycloamidation	 reactions	 of	 alkynylamides.	 The	 catalytic	
performance	 of	 different	 Pd	 complexes	 will	 be	 investigated,	 as	 well	 as	 the	 substrate	 scope.	 The	
mechanism	 of	 the	 reaction	 processes	 will	 also	 be	 discussed.	 But	 before	 discussing	 the	 obtained	
results,	a	summary	of	the	previous	work	of	the	group	in	this	subject	is	presented	hereafter.	
2.1	Introduction	
Cyclopentadienyl	rings	(Cp)	and	the	related	indenyl	(Ind)	and	fluorenyl	(Flu)	systems	are	among	
the	most	commonly	used	ligands,	with	examples	of	their	complexes	across	the	periodic	table.	They	
coordinate	to	the	metal	most	often	according	to	a	η5	coordination	mode,	but	examples	of	η3	and	η1	
coordination	modes	are	also	known.	In	particular,	cyclopentadienyl	(Cp)‐type	rings	have	received	
considerable	interests,	in	part	due	to	their	ability	to	adopt	these	unusual	coordination	modes.1,2	In	
contrast,	 very	 rare	 examples	 of	 cyclopentadienylidene	 or	 indenylidene	 coordination	modes	 have	
been	reported	up	to	now.	Although	the	first	example	of	cyclopropenylidene	complex	was	reported	
nearly	 50	 years	 ago,3	 it	 is	 not	 until	 1997	 that	 the	 related	 and	 to	 date	 unique	 Tantalum	
cyclopentadienylidene	 complex	 A	 was	 structurally	 authenticated.4	 Later	 on,	 some	 other	 1‐
indenylidene	Ruthenium	complexes	of	type	B	have	been	prepared	from	allenylidene	precursors	via	
intramolecular	 cyclization	 (Figure	 2.1).5,6	 These	 indenylidene	 complexes	 are	 capable	 to	 catalyze	
olefin	metathesis	efficiently,	and	to	promote	the	atom‐transfer	radical	polymerization.	
 
Figure	2.1	Early	representative	examples	of	cyclopentadienyl	based	complexes			
Early	investigations	in	our	group	concerning	zirconium	indenyl	phosphazene	complexes,7,8	as	well	
as	the	spectacular	achievements	of	pincer	complexes	over	the	past	decades,9‐11	prompted	us	to	design	
complexes	of	type	C	(Figure	2.2	left),	in	which	two	donor	buttresses	can	support	the	unprecedented	
2‐indenediide	 coordination	mode	 to	 the	metal	 center.	 In	 regard	 to	 the	 reports	 for	 complexes	D	
(Figure	2.2	right)	from	Cavell,	Le	Floch	...,	it	is	widely	accepted	that	phosphazene	and	thiophosphinoyl	
moieties	can	act	as	strongly	donating	groups	and	are	easily	introducible	side	arms.12‐14	
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Figure	2.2	Envisaged	2‐indenediide	complex	by	our	group	and	related	complexes	by	others	
In	light	of	all	these	previous	works,	our	group	first	reported	the	original	2‐indenediide	complexes	
with	 Zr	 and	Pd	 (Figure	 2.3).15	 Full	 characterization	by	NMR	 and	X‐Ray	diffraction	 confirmed	 the	
highly	symmetric	structure	of	these	complexes.	
Closely,	from	the	proligand	1‐H,	the	1,3‐bis(thiophosphinoyl)indene,	a	family	of	2‐indenediide	Pd	
pincer	 complexes	 bearing	 different	 co‐ligands	 (Cl,	 PPh3	 …)	 was	 readily	 prepared	 and	 fully	
characterized	by	NMR,	X‐ray	analysis,	as	well	as	theoretical	methods.	Noteworthily,	results	indicated	
symmetrical	 structures	 of	 all	 these	 complexes,	 with	 singlet	 signal	 observed	 in	 31P	 NMR,	 and	 Cq	
multiplet	signal	of	C2	in	13C	NMR,	and	the	disappearance	of	the	signal	of	H1.	Moreover,	X‐ray	analysis	
disclosed	the	planar	environments	around	the	carbon	atoms	C1,	C2	and	C3,	and	also	a	delocalization	
of	the	π	system	formed	around	carbon	atoms	C1,	C2,	C3,	with	the	short	and	almost	equal	C1C2/C2C3	
bond	lengths	(for	complex	H,	1.410(9)	and	1.435(8)	Å).	In	addition,	the	different	coligand	in	the	trans	
position	to	C2	(NHCy2,	Cl,	or	PPh3)	barely	has	influence	on	the	geometric	and	electronic	properties	of	
the	complexes,	that	are	predominantly	governed	by	the	conjugated	and	rigid	nature	of	the	pincer	
ligand.	
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Figure	2.3	Originally	developed	2‐indenediide	complexes	with	Zr	and	Pd	
DFT	 studies,	 including	NBO	and	AIM	analysis,	 revealed	 a	 similar	 bonding	 situation	 in	 all	 these	
complexes,	with	strong	σ	bonding	but	weak	(if	any)	π	interactions	between	C2	and	M.	This	bonding	
situation	 was	 further	 confirmed	 by	 computing	 Wiberg	 indices,	 which were	 consistent	 with	
essentially	single	C2‐M	bonds.	In	addition,	bond	orders	of	1.34‐1.35	were	found	between	C2C1	and	
C2C3,	indicating	some	multiple	bond	character.	The	atomic	charges	derived	from	natural	bonding	
analyses	(NBO) predicted	negative	atomic	charges	at	C1/C3	(~	–0.60).	All	these	data	are	consistent	
with	a	situation	in	which	the	second	negative	charge	created	at	the	indene	fragment	by	abstraction	
of	H2	is	delocalized	on	the	ligand	backbone,	between	C1‐C3.	The	coordination	mode	can	therefore	be	
described	as	indenediide	rather	than	indenylidene.		
The	molecular	orbitals	of	 the	zirconium	and	palladium	 indenediide	complexes	confirmed	 the	π	
interaction	of	C2	with	C1	and	C3,	and	the	absence	of	π	interaction	between	C2	and	the	metal.	As	an	
example,	for	the	palladium	complex	G	(Figure	2.4	a),	the	HOMO‐19	and	HOMO‐1	orbitals	both	display	
π	 interaction	 between	 C2	 and	 C1/C3,	 but	 they	 differ	 in	 the	 bonding	 vs	 anti‐bonding	 π	 overlap	
between	C2	and	Pd	(Figure	2.4).	This	is	consistent	with	essentially	single	bond	character	of	the	C2Pd	
bond.	In	addition,	the	HOMO	is	centered	on	the	indenediide	fragment	and	displays	strong	coefficients	
on	C1	and	C3,	in	line	with	the	predicted	negative	charges.		
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Figure	2.4	Kohn‐Sham	representations	of	selected	molecular	orbitals	for	complexes	G.		
Thanks	to	this	peculiar	electronic	situation,	these	complexes	were	anticipated	to	exhibit	original	
behavior	and	the	group	started	to	explore	their	reactivity.	Notably,	these	complexes	demonstrated	a	
non‐innocent	behavior,	due	to	the	nucleophilic	character	of	C1/C3.	The	chloropalladate	complex	H	
not	only	reacts	with	electrophilic	metal	precursors	to	form	bimetallic	complexes	via	metalation	of	
C1,16,17	but	also	undergoes	electrophilic	alkylation	from	alkyl	halides,	 i.e.	 iodomethane	and	benzyl	
chlorides,	to	furnish	the	2‐indenyl	pincer	complexes	(Scheme	2.1).18	
R-X MClLn MLn
SPh2P
Pd
Ph2P
S
Cl
Ph2P S
Ph2P S
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Scheme	2.1	Reactivity	of	chloropalladate	based	on	non‐innocent	behavior	
Therefore,	the	above	stoichiometric	reactions,	as	well	as	the	analytical	data	and	DFT	calculations	
indicated	 that	 this	 kind	 of	 complexes	 is	 best	 delineated	 as	 indenediide	 Pd(II)	 pincer	 complexes,	
consisting	of	an	electrophilic	Pd	center	and	an	electron‐rich	ligand	backbone	(Figure	2.5).	With	this	
results	 in	 hand,	 our	 group	 decided	 to	 investigate	 the	 catalytic	 applications	 of	 indenediide	 Pd(II)	
pincer	complexes	involving	metal‐ligand	cooperation.		
Pd 
S 
S 
P 
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Figure	2.5	Best	described	formula	as	indenediide	complexes	
The	catalytic	addition	of	carboxylic	acids	to	alkynes	attracted	our	attention,	and	more	specifically,	
intramolecular	addition	of	carboxylic	acids	to	alkynes,	also	known	as	cycloisomerization	of	alkynoic	
acids.	 This	 is	 a	 particularly	 interesting	 process,	 and	 recognized	 as	 a	 versatile	 tool	 for	 the	 direct	
preparation	of	lactone	rings	of	manifold	size	and	substitution.	The	pioneering	work	was	reported	by	
Utimoto	et	al,	by	using	palladium	(II)	in	the	presence	of	triethylamine	to	afford	3‐alken‐4‐olides	in	
moderate	to	excellent	yields,	through	a	regioselective	5‐endo‐dig	cyclization	from	the	corresponding	
3‐alkynoic	acids	(Scheme	2.2).19	
 
Scheme	2.2	Palladium	(II)	catalyzed	cycloisomerization	of	alkynoic	acids	by	Utimoto	
Later	on,	a	more	effective	catalytic	system	was	introduced	by	Hidai	et	al,	by	using	of	mixed‐metal	
sulfide	cluster	with	a	cuboidal	core	[PdMo3S4(tacn)3Cl](PF6)3	(tacn=1,4,7‐triazacyclononane)	in	the	
presence	of	triethylamine	(Scheme	2.3).20	Note	that	such	system	performs	the	cycloisomerizations	
via	exo‐dig	cyclization,	 from	3‐,	4‐,	and	5‐alkynoic	acids	to	the	corresponding	alkylidene	 lactones,	
under	relatively	mild	reaction	condition.	The	formation	of	7‐membered	ε‐lactone	from	6‐heptynoic	
acid	appeared	as	a	limitation	since	it	was	sluggish	with	low	yield	obtained.		
 
Scheme	2.3	Palladium	(II)	catalyzed	cycloisomerization	of	alkynoic	acids	by	Hidai.	
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A	number	of	 catalytic	 systems	 capable	of	 catalyzing	 such	 related	 cycloisomerization	have	been	
reported.	However,	most	of	them	need	to	proceed	in	the	presence	of	an	external	base,	which	scarcely	
restrict	their	applications	especially	on	substrates	bearing	basic‐sensitive	functional	groups.	Thus,	a	
system	that	can	proceed	in	neutral	conditions	to	efficiently	catalyze	such	transformations	is	highly	
desirable.		
In	 this	 context,	 the	 indenediide	 Pd	 pincer	 complexes	 originally	 developed	 by	 our	 group	 were	
investigated	for	this	transformation.	Gratifyingly,	the	preliminary	results	showed	that	such	kind	of	
complexes	can	efficiently	promote	the	cycloisomerization	of	alkynoic	acids	in	the	absence	of	any	base	
(Table	2.1).21	The	transformation	of	4‐pentynoic	acid	catalyzed	by	 indenediide	Pd	complexes	was	
first	evaluated	as	the	model	reaction.	Three	complexes,	namely,	chloropalladate	1a,	iodopalladate	1b,	
neutral	trimeric	complex	1c	were	investigated.	All	the	complexes	afforded	complete	conversion	in	1	
hour	with	only	5	mol%	of	catalyst	loading	at	room	temperature	in	CDCl3,	devoid	of	any	external	base.	
In	addition,	recycling	tests	for	up	to	at	 least	10	times	demonstrated	the	robustness	of	the	system,	
with	no	sigh	of	catalyst	deactivation	observed.		
Table	2.1	Evaluation	of	the	catalytic	properties	of	the	indenediide	Pd	complexes	1a‐c	in	the	cyclization	of	
4‐pentynoic	acid	4a.	
 
Entrya	 Cat.	 Pd	mol%	 T	(°C)	 Time	(h) Conv.	(%)b	
1	 1a	 5	 25	 1	 99	
2	 1b	 5	 25	 1	 99	
3	 1c	 5	 25	 1	 99	
4	 1b	 1	 25	 24	 99	
5c	 1b	 0.05	 90	 6	 99	
(a)	All	catalytic	tests	were	performed	under	argon	atmosphere	starting	from	0.2	mmol	of	4‐pentynoic	
acid	(0.1	M	in	CDCl3).	(b)	Conversions	were	determined	by	1H‐NMR	and	GC‐MS	analyses.	(c)	Reaction	
carried	out	on	a	2	M	solution	of	4‐pentynoic	acid	in	CDCl3.	
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Subsequently,	the	substrate	scope	was	extensively	examined.	Several	analogous	carboxylic	acids	
bearing	different	substituents	in	the	α	position	were	initially	assessed	(Table	2.2).	Notably,	with	n‐
Hex	and	CO2Et	groups,	the	cyclizations	can	proceed	readily	and	faster	than	with	the	model	substrate	
4a.	This	is	likely	due	to	the	Thorpe‐Ingold	effect.	The	related	N‐protected	amino	acid	4d	requires	to	
be	catalyzed	in	a	harsher	condition	(90	°C,	over	12	h),	because	of	its	poor	solubility	in	the	reaction	
solvent,	but	still	afforded	quantitatively	the	corresponding	γ‐alkylidene	lactone	5d.	The	cyclization	
of	propargyl‐allyl	substrate	4e	illustrates	the	complete	selectivity	of	the	reaction	in	favor	of	alkyne	
over	alkene,	and	gives	exclusive	formation	of	5e.	Then	a	rigidified	substrate	4f,	containing	a	Ph	linker	
between	 the	 two	 reactive	 moieties,	 can	 proceed	 the	 cyclization	 to	 form	 the	 3‐methylene‐3H‐
isobenzofuran‐1‐one	 5f	 in	 only	 5	 min	 at	 room	 temperature.	 Later,	 the	 length	 of	 the	 linker	 was	
enlarged,	aiming	to	form	6‐membered	lactones,	which	is	significantly	more	difficult	to	achieve	than	
that	of	5‐membered	 lactones.	The	cyclization	of	5‐hexynoic	acid	4g	can	be	completed	at	90	°C,	 to	
afford	the	corresponding	6‐membered	lactone	5g	in	quantitative	yield	within	12	h.	This	is	among	the	
best	results	obtained	so	far	for	this	transformation.	
In	addition,	the	internal	alkynoic	acids,	which	are	much	more	challenging	than	the	terminal	ones,	
are	under	investigation.	3‐pentynoic	acid	4h	readily	undergoes	5‐endo‐dig	cyclization,	to	furnish	the	
lactone	5h	quantitatively	within	3	h.	With	another	homologous	substrate	4i,	an	elevated	temperature	
at	90	°C	was	required	to	afford	complete	conversion,	while	5‐exo	and	6‐endo	cyclizations	took	place	
competitively,	leading	to	a	3:1	mixture	of	5‐	and	6‐membered	lactones	5iexo	and	5iendo,	respectively.	
Another	two	rigid	internal	alkynoic	acids	4j	and	4k	can	also	be	facilely	cyclized	in	only	15‐20	min	at	
room	temperature,	to	afford	a	unique	benzannelated	lactone	completely	and	selectively.	But	due	to	
the	strong	influence	of	the	alkyne	substituent,	only	5‐exo	cyclization	with	Ph	and	6‐endo	cyclization	
with	Cy	were	respectively	obtained.	Last,	the	formation	of	7‐membered	lactones	was	targeted.	And	
gratifyingly,	the	two	δ‐alkynoic	benzoic	acids	4l	and	4m	were	conveniently	cyclized	within	7‐36	h	at	
90	°C.	
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Table	2.2	Scope	of	the	Pd‐catalyzed	cyclization	of	alkynoic	acids	(4a‐m).	
	
Control	 experiments	 also	 demonstrated	 the	 role	 of	 the	 indenediide	 Pd	 complexes	 (Table	 2.3).	
Several	 related	2‐indenyl	 complexes	2a	 and	3a,b,	 in	which	 the	 ligand	backbone	 is	protonated	or	
methylated	at	C1,	were	employed	for	the	cyclization	in	model	reaction	from	4a.	The	substrate	4a	
remained	intact	in	the	presence	of	2a	or	3a,	while	only	15	%	conversion	after	24	h	was	observed	with	
3b	at	room	temperature.	Moreover,	the	combined	system	of	precatalyst	2‐indenyl	complex	3b	with	
Et3N	as	an	external	base,	was	compared	to	1b	 for	this	cyclization.	Such	bi‐component	system	was	
capable	to	catalyze	the	reaction,	but	proceeded	noticeably	slower	than	with	1b	alone,	to	afford	51	%	
conversion	after	2h.	All	these	results	strongly	support	the	crucial	role	of	such	indenediide	Pd	pincer	
complexes	in	the	cycloisomerization	of	the	alkynoic	acids.		
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Table	2.3	Indenyl	Pd	complexes	2a	and	3a,b	evaluated	in	the	cyclization	of	4‐pentynoic	acid	4a.	
	
Entrya	 Cat.	 Pd	mol%	 T	(°C)	 Time	(h)	 Conv.	(%)b	
1	 2a	 5	 25	 36	 0	
2	 3a	 5	 25	 24	 0c	
3	 3b	 5	 25	 24	 15	
4	 3b	+	Et3N	 5c	 25	 2	 51	
(a)	Catalytic	tests	were	performed	under	argon	atmosphere	starting	from	0.2	mmol	of	4‐pentynoic	acid	
(0.1	M	in	CDCl3).	(b)	Conversions	were	determined	by	1H‐NMR	analyses.	(c)	Reaction	carried	out	with	5	
mol%	Pd	and	5	mol%	Et3N.	
	
A	 combined	 theoretical	 and	 experimental	 work,	 carried	 out	 more	 recently	 by	 our	 group	 in	
collaboration	with	the	group	of	Prof	L.	Maron,	allowed	for	the	proposition	of	a	detailed	mechanism	
for	this	transformation	(Figure	2.6).22	The	study	demonstrated	that,	in	addition	to	the	contribution	
of	the	non‐innocent	ligand	to	the	activation	of	the	carboxylic	acid,	this	indenediide	pincer	catalyzed	
reaction	 involves	 the	participation	of	 two	molecules	of	 substrate,	one	of	 them	acting	as	a	proton	
shuttle	in	the	three	different	steps:	(i)	activation	of	the	acid	pro‐nucleophile	via	protonation	by	the	
ligand	backbone	and	activation	of	the	CC	triple	bond	by	side‐one	coordination	to	Pd,	(ii)	nucleophilic	
attack	to	the	activated	alkyne,	and	(iii)	elimination	of	the	final	product.		
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Figure	2.6	Reaction	mechanism	of	the	Pd	indenediide	complex	catalyzed	cycloisomerization	of	alkynoic	acid:	
proton	shuttling	by	the	second	molecule	of	pentynoic	acid	substrate.	
	
In	 summary,	 such	 indenediide	 Pd	 pincer	 complexes	 1a‐c	 were	 shown	 to	 be	 very	 efficient	
cooperative	all‐in‐one	catalysts	for	the	cycloisomerization	of	a	broad	spectrum	of	alkynoic	acids.	As	
an	extension	of	this	work,	we	were	eager	to	employ	such	catalytic	system	of	indenediide	complexes	
for	more	valuable/challenging	catalytic	transformations,	and	that	was	the	objective	of	my	PhD.		
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2.2	Results	Discussion	
Given	 the	 success	 of	 the	 previous	 work21	 in	 our	 lab	 with	 Palladium	 pincer	 complex	 on	
cycloisomerization	of	alkynoic	acids,	we	moved	one	further	step	applying	this	catalytic	system	on	
more	 challenging	 reactions.	 The	 research	 scope	 concerning	 the	 substrates	 was	 expanded	 to	 the	
corresponding	alkynylamides	for	synthesis	of	lactams.		
Looking	at	the	pKa	of	the	acids	(~5)	and	the	corresponding	amides	(~20)	in	DMSO	solution,23	the	
activation	of	the	N‐H	bond	should	be	more	difficult	compared	to	that	of	the	carboxylic	acid.	Can	the	
similar	 reactions	 for	 cycloisomerization	happen	with	 amides	 via	 our	 current	 palladium	 systems?	
Besides,	we	must	keep	in	mind	that	in	addition	to	lactams	resulting	from	N‐attack,	an	O‐attacked	kind	
of	 isomer	products	can	be	 formed(Scheme	2.4).24	These	are	 the	questions	 I	would	 like	 to	 initially	
disclose	with	my	project.	
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Scheme	2.4	Proposal	for	cycloisomerization	of	alkynylamides	via	Pd	pincer	complexes.	
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2.2.1	Preliminary	Study	and	Observed	Limitation	
The	previously	described	palladium	indenediide	pincer	complexes	Ia‐c	were	firstly	employed	here	
as	 catalysts	 for	 cycloisomerization	 reactions.	 These	 complexes,	 namely	 monomeric	 complexes	
{Bu4N}{PdCl[Ind(Ph2P=S)2]}	(Ia)	(δP	=	44.5	ppm),	{Bu4N}{PdI[Ind(Ph2P=S)2]}	(Ib)	(δP	=	51.3	ppm),	
and	 the	 trimeric	 complex	 {Pd[Ind(Ph2P=S)2]}3	 (Ic)	 (δP	 =	 42.7	 ppm,	 s,	 broad)	 (Figure	 2.7),	 were	
prepared,	following	the	formerly‐reported	procedures,	and	were	subsequently	characterized	by	31P,	
1H,	13C	NMR.	It’s	noteworthy	that	Ic	shows	a	dynamic	behavior	and	a	single	broad	31P	NMR	signal	was	
observed	in	solution,	suggesting	that	the	S	bridge	dissociates	or	reforms	rapidly	on	the	NMR	time	
scale.21	
 
Figure	2.7	Previously	described	Pd	indenediide	pincer	complexes.	
Then,	 the	 cycloisomerization	 of	 the	N‐tosyl	 alkynylamide	1a,	 was	 chosen	 as	 a	 model	 reaction	
(Scheme	2.5)	because	five	membered	ring	lactams	are	known	to	be	easier	to	form	compare	to	larger	
cycles	(more	than	6	carbons).	The	feasibility	of	this	reaction	was	initially	investigated	under	exactly	
the	same	conditions	as	that	of	acids,	0.1mol	of	substrate	dissolved	in	0.7	mL	deuterated	chloroform,	
in	presence	of	5	mol%	of	chloropalladate	Ib,	without	any	external	base,	at	room	temperature.	The	
reaction	process	was	monitored	by	1H	NMR,	and	31P	NMR.	To	our	delight,	 the	cycloisomerization	
reaction	did	take	place	by	our	Pd	complex	as	expected,	but	required	a	rather	longer	time	(94	%,	27	
h).	It	substantiates	that	the	transformation	of	amides	was	going	to	be	more	challenging,	than	that	of	
the	carboxylic	acid	counterparts	as	expected	providing	the	pKa	of	amides,	although	the	pKa	of	N‐tosyl	
amides	are	probably	lower	than	the	typical	amides.		
In	this	regard,	the	reaction	conditions	were	further	optimized,	especially	the	temperature.	Indeed,	
increasing	at	60	°C	allows	the	decreasing	of	the	alkyne	signal	(δ	=	1.9	ppm),	concomitantly	with	the	
appearance	of	a	new	set	of	two	multiplets	(δ	=	4.5	&	5.4	ppm).	These	new	signals	could	be	attributed	
to	exocyclic	olefinic	H	of	the	targeted	lactam	2a,	or	the	isomeric	form	2a’,	by	comparison	with	the	
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literature.21,25	 1H	NMR	 spectroscopy	was	 conducted	 to	monitor	 the	 progress	 of	 the	 reaction,	 and	
shown	as	follow	(Figure	2.8):	
 
Scheme	2.5	Initial	investigation	on	cycloisomerization	of	1a	via	Ia. 
 
Figure	2.8	1H	NMR	stacks	diagram	of	the	reaction	process.		
Through	column	chromatography,	the	compound	2a	(or	2a’)	was	isolated	as	a	white	solid	(98	%	
yield),	and	fully	characterized	by	NMR	and	HRMS.	To	unambiguously	assess	the	structure,	crystals	
were	grown	(from	a	Et2O	solution	with	drops	of	DCM)	and	an	X‐ray	diffraction	was	performed	(Figure	
2.9).	 Thus,	 the	 transformation	 of	 amide	1a	proceeded	 selectively	 via	 5‐exo‐dig	 cyclization	 on	N‐
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nucleophilic	 attack	 to	 afford	 5‐alkylidene	 2‐pyrrolidinone	 2a	 in	 less	 than	 1	 hour,	 with	 a	 99	 %	
conversion.	
                                                                                        
Figure	2.9	X‐ray	structure	of	compound	2a.		
With	a	positive	answer	to	our	initial	experiment,	all	the	Indenediide	Palladium	pincer	complexes,	
including	the	monomeric	chloropalladate	(Ia),	Iodopalladate	(Ib),	and	neutral	trimeric	complex	(Ic),	
were	employed	to	evaluate	their	catalytic	properties	upon	cyclization	of	N‐tosyl	Alkynylamides	1a,	
as	well	as	1b,	which	is	a	more	challenging	substrate	(Table	2.4).	
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Table	2.4	Evaluation	of	the	catalytic	properties	of	the	Indenediide	Pd	complexes	Ia‐c		
in	the	cyclization	of	N‐Tosyl	Alkynylamides	1a	and	1b.		
	
	
 
 
 
 
 
 
 
 
 
	
As	previously	described,	with	chloropalladate	Ia,	the	reaction	from	1a	could	give	a	nearly	complete	
conversion	 for	2a	 (Table	 2.4,	 entry	 1).	 Replacement	 of	 chloride	 at	 palladium	 (Ia)	 for	 iodide	 (Ib)	
induced	a	slight	decrease	in	activity	(81%	conversion,	1h,	entry	2).	With	the	neutral	trimeric	complex	
Ic,	a	complete	conversion	of	1a	to	2a	was	achieved	within	50	min	under	the	same	conditions	(entry	
3).	These	first	results	demonstrated	the	ability	of	indenediide	Pd	pincer	complexes	to	catalyze	the	
cyclization	of	alkynylamides.	A	more	challenging	substrate,	namely	N‐tosyl	hex‐5‐ynamide	1b,	was	
then	investigated.	In	this	case,	the	reaction	temperature	had	to	be	increased	to	90	°C	to	achieve	the	
cycloisomerization	in	a	reasonable	reaction	time.	6‐Exo	alkylidene	lactam	2b	was	obtained	in	67%	
conversion	 after	 24	 h	 using	 Ia	 as	 catalyst.	 After	 purification,	 the	 X‐ray	 analysis	 confirmed	 the	
structure	(Figure	2.10).	Increasing	the	substrate	concentration	(from	0.14	to	1.0	M)	allowed	us	to	
increase	the	conversion	to	82%	(entry	5),	but	the	reaction	failed	to	reach	completion	even	after	a	
Entry	 Substrate	 Cat.	 T	(°C)	 time	(h)	 Conv	(%)	
1	 1a	 Ia	 60	 1h	 >99	
2	 1a	 Ib	 60	 1h	 81	
3	 1a	 Ic	 60	 50min	 >99	
4	 1b	 Ia	 90	 24h	 67	
5	 1b	 Ia	 90	 24h	 82c	
6	 1b	 Ib	 90	 24h	 49	
7	 1b	 Ic	 90	 20h	 92	
aAll	catalytic	tests	were	performed	under	an	argon	atmosphere	starting	from	0.1	mmol	of	
alkynylamide	(0.14	M	in	CDCl3).	bConversions	were	determined	by	1H	NMR.	cReaction	
conducted	at	1	M	alkynylamide.	
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prolonged	reaction	time.	The	same	behavior	was	observed	with	iodopalladate	Ib	(entry	6),	which	
was	again	 less	active	 than	Ia.	Finally,	 the	neutral	complex	Ic	herein	gave	a	better,	yet	 incomplete	
conversion	(entry	7).	
																																																																																								 				 						
Figure	2.10	X‐ray	structure	of	compound	2b.			
The	preliminary	experiments	suggested	the	capability	of	this	kind	of	palladium	indenediide	pincer	
system	on	such	more	challenging	 cycloisomerization	of	 amides	 for	 lactams,	but	 at	 the	 same	 time	
indicated	that	the	system	encountered	some	limitations	for	larger	cycle	formation.	
	
2.2.2	Probe	into	the	Limitation	of	Current	System	
For	better	understanding	the	reaction	process	and	further	disclosing	the	underlying	problems	of	
the	current	catalytic	system,	31P	NMR	studies	were	meticulously	carried	out.	
The	problematic	cyclization	of	1b	catalyzed	by	Ia	was	monitored	by	31P	NMR	(Figure	2.11).		The	
reaction	mixture	was	checked	hourly	from	the	beginning.	The	whole	process	concerning	31P	is	shown	
below,	once	all	the	reactants	were	mingled	in	the	NMR	tube,	the	complex	Ia	reacted	with	substrate	
1b	immediately	to	form	some	intermediates.	Two	sets	of	new	31P	signals	(δ	=	54.6	&	51.4	ppm	and	δ	
=	55.0	&	50.5	ppm)	appeared	downfield,	compared	to	that	of	chloropalladate	Ia	(δ	=	44.5	ppm).	These	
new	sets	of	signals	were	later	proven	to	be	the	active	indenyl	species,	and	would	be	discussed	in	the	
mechanism	 part.	 As	 the	 reactions	 proceeded,	 at	 around	 4	 hours,	 another	 set	 of	 doublet	 signals	
appeared,	indicating	the	formation	of	bis(thiophosphinoyl)indene,	which	is	the	free	ligand	(δ	=	45.6	
&	31.0	ppm).	As	the	reaction	continued	on,	the	signals	of	free	ligand	continuously	increased	until	the	
total	consumption	of	 the	 indenyl	 intermediate,	 indicating	 that	either	 the	catalyst	 Ia	or	one	of	 the	
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intermediates	decomposed.	Therefore,	a	control	experiment	regarding	the	thermal	stability	of	the	Ia	
was	conducted	by	treatment	of	the	catalyst	in	CDCl3	without	adding	the	substrate	heating	at	90	°C	for	
24	h,	and	no	degradation	occurred.	All	of	these	revealed	a	slow	degradation	of	the	active	catalytic	
species	rather	than	the	catalyst	itself,	and	explained	the	erosion	of	the	activity	observed	over	time	in	
the	cyclization	of	1b.	Although	a	better	conversion	was	achieved	with	trimeric	complex	Ic,	again,	the	
free	ligand	was	detected	after	3.5	h,	indicating	the	stability	issue	as	well.		
	
Figure	2.11	31P	NMR	stacks	diagram	of	the	reaction	process.		
Thus,	a	compromise	should	be	reached	between	a	reasonable	reaction	time,	requiring	an	elevated	
temperature	and	a	stable	performance	of	the	catalytic	system.	
	 	
62	
	
2.3	Design	for	Structural	Modulation	
				Facing	up	to	the	stability	issue	of	the	current	catalytic	system,	structural	modulation	of	the	ligand	
was	 thus	 designed,	 aiming	 to	 increase	 the	 catalyst	 robustness	 to	 overcome	 the	 problem.	 In	 this	
respect,	a	straightforward	modulation	was	anticipated	to	increase	the	electron	donating	character	of	
the	thiophosphinoyl	side	arms	by	varying	the	R	substituents	on	the	phosphorus.	
In	 comparison	with	 the	 phenyl	 group,	 the	 isopropyl	 group	 is	more	 electron‐donating,	 and	 the	
replacement	by	 this	 group	 is	 supposed	 to	 change	 the	 interaction	between	metal	 and	 ligand.	Two	
aspects	of	changes	are	expected	to	take	place:	1)	a	more	electron‐rich	backbone,	which	should	be	
beneficial	 for	 the	 deprotonation	 of	 the	 N‐H	 bond	 of	 the	 amide;	 2)	 a	 stronger	 metal‐ligand	
coordination,	 which	would	 contribute	 to	 the	 robustness	 of	 the	 complexes,	 and	 the	 intermediate	
species.		
The	targeted	ligand	was	readily	prepared	following	the	same	synthetic	strategy	(Scheme	2.6).15,26,27	
Starting	from	indene	skeleton,	double	sequence	of	deprotonation	with	nBuLi	followed	by	the	addition	
of	the	electrophile	iPr2PCl	was	applied	for	obtaining	iPr‐substituented	donating	arms.	After	oxidation	
by	sulfur	and	upon	reaction	with	Pd(PhCN)2Cl2,	a	novel	iPr‐substituented	2‐indenyl	chloropalladium	
(IV)	complex	was	readily	prepared,	in	82	%	yield.	By	reaction	of	IV	with	a	base	mixture	of	PS‐DIEA	
and	 tBuOK,	 in	 presence	 of	 nBu4NCl,	 the	 monomeric	 chloropalladate	 indenediide	 complex	 II	was	
obtained,	 in	 81	 %	 yield.	 To	 our	 delight,	 another	 neutral	 dimeric	 species	 III	 was	 obtained	 with	
treatment	of	NaOAc	in	Toluene	without	the	nBu4NCl	at	90	°C,	in	78	%	yield.			
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Scheme	2.6	Synthesis	of	new	pincer	complexes	with	iPr	groups.	
All	these	newly‐developed	indenediide	pincer	complexes	were	fully	characterized	by	NMR,	HRMS,	
X‐ray	diffraction,	and	illustrated	as	follow	(Figure	2.12).	From	the	1H	NMR,	a	H	signal	of	the	indenyl	
IV	 is	clearly	showed	at	4.66	ppm	(dd,	2JHP	=	24.0	Hz,	4JHH	=	3.0	Hz),	whereas	it	did	disappear	with	
complexes	II	and	III.		
 
Figure	2.12	Newly	synthesized	indenediide	complexes	with	iPr	group.	
With	 respect	 to	 the	 31P	 NMR,	 complex	 II	 exhibits	 a	 singlet	 signal	 at	 75.0	 ppm,	 indicating	 the	
symmetrical	coordination,	while	III	indicated	a	dissymmetrical	skeleton	with	two	signals,	found	at	
78.2	and	71.2	ppm.	It	is	worth	noting	that	as	a	dimeric	complex	III	shows	no	dynamic	behavior	in	
solution,	whereas	trimeric	Ic	demonstrates	a	dynamic	behavior	in	solution	(s,	broad,	δP	=	42.7	ppm).	
This	 can	 be	 served	 as	 a	 proof	 that	 the	 newly‐modulated	 complexes	 have	 stronger	 metal‐ligand	
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interaction.	 To	 further	 assess	 and	 compare	 the	 electronic	 properties	 of	 the	 new	 system,	 the	
corresponding	carbonyl	complex	was	prepared	from	complex	III	as	a	precursor.	Infrared	analysis	of	
carbonyl	complexes	is	widely	used	to	probe	the	electronic	properties	of	 ligands,	giving	an	overall	
estimate	of	σ–donation	and	π‐back‐donation.28	The	complex	V	was	quantitatively	formed	under	5	bar	
of	CO	(Scheme	2.7).	Its	FT‐IR	spectrum	was	recorded	under	a	CO	atmosphere,	and	the	characteristic	
νCO	band	of	V	was	found	at	2113	cm‐1,	vs	a	band	at	2121	cm‐1	for	the	corresponding	carbonyl	complex	
derived	 from	 Ic.21	The	 shift	 to	 a	 lower	 frequency	upon	 replacement	of	 the	Ph	with	 iPr	 groups	at	
phosphorus	is	consistent	with	a	more	electron‐donating	and	stronger	coordination	of	the	SCS	pincer	
ligand	to	Pd.		
 
Scheme	2.7	Synthesis	of	Pd	carbonyl	complex	V.	
Whether	 or	 not	 this	 kind	 of	 structural	 modulation	 can	 influence	 their	 catalytic	 performance,	
cycloisomerization	of	alkynylamides	was	thus	investigated.	
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2.4	Evaluation	of	the	New	Complexes	in	Cycloisomerization	of	Alkynylamides	
With	 these	 new	 complexes	 in	 hand,	 assessment	 of	 the	 impact	 of	 the	 structural	modulation	 on	
catalytic	activity	was	undertaken.	The	cyclization	of	N‐tosyl	hex‐5‐yamide	1b	was	again	chosen	as	a	
benchmark	reaction.	Using	either	II	or	III,	the	6‐exo	alkylidene	lactam	2b	was	obtained	in	complete	
conversion	within	only	one	night	at	90	°C,	indicating	an	enhanced	performance	of	both	modulated	
new	complexes.	
Monitoring	of	the	cyclization	of	1b	with	III	by	31P	NMR	showed	quite	different	observation	of	the	
reaction	process	to	that	previously	discussed	with	Ia	(Figure	2.13).	At	the	beginning,	just	as	before,	
the	signals	of	III	disappeared	instantaneously,	with	a	new	set	of	doublet	signals	(δ	=	84.7	&	83.0	ppm)	
appearing	directly	in	the	same	region	of	indenyl	species.	It	indicated	the	quick	interaction	between	
III	and	1b,	to	generate	an	indenyl	intermediate.	After	around	12	hours,	a	complete	conversion	can	be	
achieved	with	 III.	 In	 stark	 contrast	with	 the	 reactions	 catalyzed	 by	 Ia−c,	 no	 decomposition	was	
observed	with	III,	even	being	continued	running	for	a	prolonged	time	of	1	day	as	well.	It	is	worth	
noting	that	most	active	species	observed	during	the	process	turned	back	to	the	complex	III,	once	full	
conversion	was	achieved.	
	
Figure	2.13	31P	NMR	stacks	diagram	of	the	reaction	process.	
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Thus,	it	can	be	concluded	that,	a	simple	substituent	exchange	at	phosphorus	allows	the	significant	
enhancement	of	the	robustness	and	thereby	a	better	catalytic	performance	of	indenediide	Pd	pincer	
complexes.	As	similar	catalytic	activities	were	observed	between	complex	II	and	III,	our	following	
study	 was	 continued	 by	 choosing	 the	 neutral	 III	 as	 the	 most	 potential	 candidate,	 devoid	 of	 the	
presence	of	dispensable	ammonium	salt.	
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2.5	Investigation	upon	Amide	Scope	
			A	variety	of	amides	were	thus	meticulously	envisioned	and	prepared	for	investigation	of	the	new	
Pd	 system	 application	 scope,	 regarding	 the	 Thorpe‐Ingold	 effect,	 ring	 size	 issue,	 and	 impact	 of	
terminal/internal	alkyne.		
The	cyclization	of	N‐tosyl	pent‐4‐ynamide	1a	 for	5‐membered	ring	was	firstly	investigated.	The	
reaction	proceeded	readily	at	60	°C	and	was	substantially	faster	with	III	 than	that	with	Ia−c.	The	
desired	5‐exolactam	2a	is	obtained	as	unique	product	in	only	10	min	(table	2.5,	entry	1,	98%	isolated	
yield).	The	higher	activity	of	III	prompted	us	to	decrease	the	catalyst	loading	(entry	1).	At	0.2	mol	%,	
a	longer	reaction	time	and	a	higher	concentration	were	required	but	the	cyclization	was	completed	
in	less	than	7	h	at	1.5	M	[corresponding	to	a	turnover	number	(TON)	of	500].	
Table	2.5	Scope	of	the	cyclization	of	N‐tosyl	alkynylamides	(1a‐i)	by	indenediide	Pd	complex	III.		
 
	
Substituents	have	been	regularly	introduced	in	the	linking	chain	of	the	substrates,	especially	for	
the	 formation	of	 5‐membered	 rings.	This	phenomenon	has	 been	known	and	 studied	 for	nearly	 a	
century,	 and	was	 firstly	 postulated	 in	 1915	 by	 Thorpe	 and	 Ingold.29,30	 The	 theory	 can	 be	 simply	
described	by	replacement	of	hydrogen	atoms	with	two	methyl	or	other	groups	in	an	open	carbon	
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chain,	which	will	lead	to	an	increase	of	angle	β,	while	a	concomitant	decrease	of	angle	α,	thus	bringing	
the	terminal	groups	closer	together	(figure	2.14).		
 
Figure	2.14	Illustrative	mode	of	Thorpe‐Ingold	effect	
This	Thorpe‐Ingold	effect	is	widely	used	in	organic	synthesis,	especially	for	cyclization	reactions,	
to	significantly	enhance	the	reaction	rate.	And	one	of	the	first	demonstrations	of	this	theory	can	be	
exemplified	in	the	cyclization	of	chlorohydrins	to	form	epoxides	as	follow	(Table	2.6).29				
Table	2.6	Example	for	Thorpe‐Ingold	effect	upon	the	cyclization	of	chlorohydrins.	
 
Compound	
Relative	Rate	R1	 R2	 R3	 R4	
H	 H	 H	 H	 1	
H	 H	 H	 CH3	 6	
CH3	 H	 H	 H	 21	
CH3	 CH3	 H	 H	 248	
H	 H	 CH3	 CH3	 252	
CH3	 CH3	 CH3	 H	 1360	
H	 CH3	 CH3	 CH3	 2040	
CH3	 CH3	 CH3	 CH3	 11600	
	
Herein,	several	amides	with	different	functional	groups	introduced	at	the	α	position	of	the	amide	
function	were	investigated.	Just	as	theoretically	predicted,	all	 these	reactions	were	accelerated	by	
Thorpe‐Ingold	effect	notably	by	performing	at	room	temperature	(comparatively,	60	°C	for	1a).	The	
cyclization	of	n‐Hex	featured	amide	1c	underwent	rapidly	at	room	temperature	in	only	30mins,	via	
5‐exo‐dig	cyclization	to	give	selectively	2c	 (entry	3,	99%,	 isolated	yield).	Same	enhancement	was	
achieved	with	other	 functionalized	amides,	 such	as	 the	esters,	 and	 the	protected	amines	ones,	 as	
exemplified	with	substrates	1d	(entry	4,	86%,	isolated	yield)	and	1e	(entry	5,	82%,	isolated	yield).	
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The	ubiquitousness	of	medium‐ring	frameworks	in	biologically	active	natural	products	stimulated	
for	developing	methods	for	the	construction	of	larger	rings,	like	7‐membered	ring.31‐33	Nevertheless,	
only	a	handful	of	examples	for	facile	synthesis	of	7‐membered	ring	lactams	have	been	documented.	
Lots	of	them	encountered	problems	mainly	like	requirement	of	harsh	conditions,	low	conversion,	etc.	
The	study	of	rate	constants	against	ring	size	for	the	cyclization	of	malonates	reveals	that	the	reactivity	
of	medium	size	(7‐	and	8‐membered)	rings	is	highly	strained	in	the	transition	state	and	also	have	a	
high	entropy	of	activation	(Figure	2.15).34	We	are	curious	that	could	the	new	catalytic	system	handle	
some	formation	for	medium	size	rings?	
Br(CH2)n-1 CH
COOEt
COOEt
base Br(CH2)n-1 C
COOEt
COOEt
C
COOEt
COOEt
cyclization (CH2)n-1
	
	
Figure	2.15	Rate	constants	vs.	ring	size	for	the	cyclization	of	malonates	
Several	 representative	 amides	 for	 more	 challenging	 larger	 rings	 formation	 were	 prepared,	 to	
further	evaluate	 the	new	catalytic	 system.	We	 firstly	assessed	a	benzo‐fused	amide,	 in	which	 the	
aliphatic	 linker	 between	 the	 N‐tosyl	 amide	 and	 alkyne	 moieties	 was	 then	 replaced	 by	 an	
orthophenylene	spacer.	Cyclization	of	1f	occurred	at	120	°C	with	endo	instead	of	exo	selectively	to	
give	the	seven	membered	product	2f	(entry	6,	95%	conversion,	51%	isolated	yield),	compared	to	the	
literature.35,36	 This	 transformation	 opened	 access	 to	 3‐benzazepin‐2‐ones,	 which	 are	 important	
motifs	found	in	various	biologically	active	compounds.37	As	mentioned	above,	due	to	the	iPr	groups	
at	phosphorus,	the	catalyst	is	thermally	robust,	which	allows	us	to	target	challenging	substrates	such	
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as	the	flexible	nonsubstituted	N‐tosyl	hept‐6‐ynamide	1g.	To	our	delight,	cyclization	of	1g	could	be	
achieved	within	6	days	at	90	°C	at	this	stage,	yielding	selectively	the	corresponding	lactam	2g	(entry	
7,	70	%	conv.,	53%	 isolated	yield).	And	 the	7‐membered	ring	 lactam	was	 fully	characterized	and	
further	confirmed	by	X‐ray	diffraction	analysis	(Figure	2.16).	To	the	best	of	our	knowledge,	this	is	the	
first	time	a	methylene	ε‐caprolactam	has	been	prepared	by	cycloisomerization.	
																																																																																	 			 	
Figure	2.16	X‐ray	structure	of	compound	2g.	
Then,	nonterminal	amides	attracted	our	attention,	as	its	cyclization	is	occasionally	hampered	by	
steric	 repulsion	 between	 the	 terminal	 substituent	 and	 a	 nucleophile.	 Thus,	 to	 further	 extend	 the	
scope	of	 the	 reaction,	we	moved	 to	 internal	N‐tosyl	 alkynylamides,	which	are	 substantially	more	
difficult	 to	cyclize	than	terminal	substrates.	Gratifyingly,	cyclization	of	1h	was	completed	 in	24	h,	
upon	heating	at	90	°C	(instead	of	60	°C	for	the	corresponding	terminal	alkynylamide	1a).	Compared	
to	that	of	carboxylic	acid,	it	underwent	via	a	6‐Endo	cyclization	rather	than	the	5‐exo	one	as	before,	
to	afford	the	unsaturated	2‐piperidone	2h	(entry	8,	83%	isolated	yield).	It	was	fully	characterized	by	
NMR	analysis.	According	to	 the	1H,	a	 triplet	of	doublets	(td)	signal	appeared	at	5.5	ppm,	which	 is	
attributed	 to	 newly	 formed	 vinyl	 proton	 (Figure	 2.17).	 And	 the	 X‐ray	 diffraction	 analysis	
unambiguously	confirmed	the	endo	structure	(Figure	2.18).	
71	
	
	
Figure	2.17	1H	NMR	of	compound	2h.	
																																																																																							 					 	
Figure	2.18	X‐ray	structure	of	compound	2h.	
Another	longer	linear	internal	amide	1s,	in	attempting	to	form	the	larger	C7	endo	lactam,	was	also	
investigated.	However,	the	substrate	remained	intact	after	24	h	and	even	longer	time,	indicating	that	
there	are	still	some	limitations	of	the	new	complex	system.	
Rigid	 internal	substrates	such	as	1i	and	1j	were	then	 investigated	(Table	2.7).	Complex	III	was	
found	to	efficiently	promote	the	cycloisomerization	of	1i	at	50	°C.	The	conversion	is	complete	within	
5	h	and	occurs	exclusively	via	6‐endo	cyclization,	to	afford	a	mixture	of	2	compounds.	On	the	contrary	
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to	what	was	observed	for	the	previous	alkynylamides,	both	O‐	and	N‐cyclization	occurs.	The	similar	
O‐cyclization	fashion	was	reported	by	Toste’s	and	Ma’s	groups,24,38	for	their	attempts	to	synthesize	
the	cyclic	carbamimidates.	For	1i	and	1j,	 the	product	deriving	 from	O‐cyclization	 is	major	 (O‐/N‐
cyclization	ratio:	84/16	for	1i	and	92/8	for	1j,	92%	overall	yield).		
Table	2.7	Investigation	on	cyclization	of	N‐tosyl	alkynylamides	1i	and	1j.	
 
Entrya	 Sub.	 Cat.	 T	(°C)	 Time	(h)	 Conv	(%)b	 O‐/N‐attack	
1	 1i	 Ia	 50	 5	 53	 92/8	
2	 1i	 Ic	 50	 5	 51	 93/7	
3	 1i	 III	 50	 5	 87	 84/16	
4	 1i	 III	 35	 20	 >99	(89)	 86/14	
5	 1j	 Ia	 50	 4	d	 51	 92/8	
6	 1j	 III	 50	 3.5	d	 >99	(92)	 92/8	
(a)	Catalytic	reactions	performed	under	argon	atmosphere	using	0.1	mmol	of	the	corresponding	alkynylamide	1j	or	1k	
(0.2	M	in	CDCl3)	and	5	mol%	of	catalyst.	(b)	Conversions	were	determined	by	1H	NMR	analysis.	Isolated	yields	are	given	
in	brackets.	
	
To	discard	a	potential	catalyst	effect,	the	cyclization	of	1i	and	1j	with	complexes	Ia,c	was	carried	
out.	Lower	conversions	were	observed	(∼50%,	entries	1,	2,	and	5),	and	decomposition	of	Ia,c	into	
free	ligand	was	detected	by	31P	NMR.	However,	the	reaction	proceeds	again	exclusively	via	6‐endo	
cyclization	with	comparable	O‐/N‐cyclization	ratio	to	those	obtained	with	III,	indicating	only	minimal	
influence	of	the	catalyst	structure	on	selectivity.	Eventually,	the	structures	of	these	products	were	
determined	by	X‐ray	diffraction	analysis	(Figure	2.19).		
73	
	
O
N S
O
O N
O
S O
O
O
N S
O
O
  
                  
O
S
N  
Figure	2.19	X‐ray	structure	of	compounds	2i‐N/O	and	2j‐O.	
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2.6	Mechanistic	Study	
Chemists	are	always	passionate	to	understand	why	and	how	reactions	happen,	in	order	to	be	able	
to	predict	what	reactions	will	happen	when	 faced	with	new	compounds.	Various	mechanisms	 for	
reactions	were	continuously	proposed	either	by	experiments	or	by	theory	study.	And	the	cooperation	
between	experiment	and	theory	is	becoming	more	and	more	powerful	for	the	study	of	the	mechanism	
of	catalytic	transformations,	to	understand	the	factors	influencing	their	efficiency	and	selectivity,	and	
finally	to	optimize	their	performance.		
Lately,	the	mechanism	of	alkynoic	acid	cycloisomerization	by	SCS	indenediide	Pd	pincer	complexes	
has	been	investigated	experimentally	and	computationally	in	our	lab.	These	studies	confirmed	the	
cooperation	 between	 the	 Pd	 center	 and	 the	 backbone	 of	 the	 pincer	 ligand,	 and	 revealed	 the	
involvement	of	a	second	molecule	of	substrate.22	It	acts	as	a	proton	shuttle	in	the	activation	of	the	
acid,	it	directs	the	nucleophilic	attack	of	the	carboxylic	acid	on	the	π‐coordinated	alkyne	and	it	relays	
the	protonolysis	of	the	resulting	vinyl	Pd	species.	
Apart	from	the	obtained	results,	several	complementary	experiments	were	carried	out	for	helping	
us	better	understand	the	mechanism	of	cycloisomerization	of	alkynylamides	with	indenediide	pincer	
complexes.		
Initially,	two	control	experiments	were	carried	out	to	substantiate	the	role	of	the	indenediide	Pd	
complexes	(Scheme	2.8).	We	checked	that	cyclization	does	not	occur	spontaneously	upon	heating.	In	
the	absence	of	indenediide	Pd	complex,	compound	1a	remained	intact	after	heating	for	24	h	at	90	°C,	
indicating	 the	 crucial	 role	 of	 complex	 III	 responsible	 for	 the	 cycloisomerization.	 Another	 control	
experiment	was	performed	with	the	chloroindenyl	complex	IV	(the	protonated	form	of	II).	After	12	
h,	no	reaction	was	observed,	demonstrating	the	necessity	and	active	role	of	the	indenediide	moiety	
in	the	catalytic	cycle.	
 
Scheme	2.8	Control	experiments	upon	heating	only	and	with	complex	IV.	
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Many	reactions	proceed	in	a	stepwise	fashion,	and	isolation	of	intermediate	species	from	reaction	
process	 can	 serve	 as	 a	 direct	 “testimony”	 to	 rationalize	 the	 reactions	 and	 disclose	 the	 reaction	
mechanism.	However,	it	is	not	always	that	easy	or	lucky	to	isolate	as	some	are	quite	reactive	or	with	
tricky	skills.	Nevertheless,	evidence	for	their	existence	may	be	obtained	by	other	means,	including	
spectroscopic	observation,	etc.		
Although	several	trials	aiming	at	isolation	of	the	reaction	intermediates	were	mindfully	carried	out,	
unfortunately,	none	of	them	were	successful.	Under	this	circumstance,	the	reaction	process	in	view	
of	31P	NMR	was	carefully	monitored	to	provide	some	insights	of	the	mechanism.	In	cyclization	of	1a	
by	Ia,	two	sets	of	new	signals	(δ	=	54.6	&	51.4	ppm	and	δ	=	55.0	&	50.5	ppm)	were	detected	in	the	
same	range	of	indenyl	species	(δ	=	55.9	&	52.2	ppm)	during	the	process.	It	could	be	proposed	as	these	
two	intermediate	A	and	B,	which	were	probably	formed	after	the	activation	of	N‐H	bond.	Otherwise,	
it	could	also	be	the	alkenyl	intermediate	C	after	the	intramolecular	nucleophilic	attack	(Figure	2.20).		
 
Figure	2.20	Plausible	intermediates	involving	the	Palladium	catalyzed	cycloisomerization.	
In	addition,	 31P	NMR	monitoring	during	catalysis	provided	some	 insights	 into	 the	resting	state.	
Typically,	upon	cyclization	of	1a	or	1b,	the	two	signals	at	78.2	and	71.2	ppm	associated	with	complex	
III	immediately	disappear	and	a	new	pair	of	signals	at	84.4	and	82.8	ppm	integrating	in	a	1/1	ratio	is	
observed.	This	is	consistent	with	the	formation	of	an	indenyl	species	(A	or	B)	by	protonation	of	the	
indenediide	backbone.	Once	the	substrate	is	entirely	consumed,	the	characteristic	signals	at	78.2	and	
71.2	ppm	reappear,	indicating	regeneration	of	the	starting	complex	III.	Thus,	the	acidic	proton	of	N‐
tosyl	alkynylamides	is	temporarily	fixed	on	the	indenediide	backbone	and	transferred	back	to	the	
organic	product	after	cyclization.	
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Isotopes	are	widely	used	in	mechanistic	studies	as	labels	for	ascertaining	the	location	of	a	given	
atom	in	a	reaction.	Herein,	deuterium	substituented	substrates	1a‐D‐N	and	1a‐D‐C,	respectively	at	
the	N‐position	and	the	alkynyl	position,	were	meticulously	prepared.	The	cyclization	of	1a‐D‐N	by	III	
was	firstly	carried	out	in	standard	procedure	as	before	(Scheme	2.9).	The	1H	NMR	showed	exclusively	
incorporation	of	deuterium	in	trans	position	(integration	of	the	proton	in	cis	position	~100	%)	with	
no	scrambling	during	D/H	exchange	but	a	loss	of	~20%	of	the	deuterium	labelling	at	the	position	
trans	to	the	N	(Figure	2.21).	
 
Scheme	2.9	Cycloisomerization	of	deuterium‐labelled	4‐pentynoic	acid	1a‐D‐N.	
	
Figure	2.21	Cycloisomerization	reaction	of	the	isotopomer	[1a‐D‐N]	.	
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Correspondingly,	 the	cyclization	of	1a‐D‐C	 (C≡CD,	93	%	of	 isotopic	 labeling)	was	subsequently	
carried	out	(Scheme	2.10).	No	deuterium	scrambling	was	detected,	and	the	obtained	lactam	2a‐D‐C	
was	selectively	deuterated	cis	to	the	NTs	group	(Figure	2.22),	which	can	be	clearly	distinguished	to	
that	of	2a‐D‐N.	
 
Scheme	2.10	Cycloisomerization	of	deuterium‐labelled	4‐pentynoic	acid	1a‐D‐C.	
 
Figure	2.22	Cycloisomerization	reaction	of	the	isotopomer	[1a‐D‐C]	.	
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Thus,	based	on	all	these	experimental	results	and	the	previous	results	obtained	for	carboxylic	acids,	
a	 plausible	 simplified	mechanism	 (not	 considering	 the	 second	molecule)	was	 proposed	 (Scheme	
2.11).	
 
Scheme	2.11	A	simplified	mechanism	proposed.	
			(i)	 First,	 the	 electron‐rich	 indenediide	 backbone	would	 deprotonate	 the	N‐tosyl	 amide	 and	 the	
alkyne	would	be	activated	by	π‐coordination	to	palladium	(intermediate	A).	
			(ii)	Cyclization	by	nucleophilic	attack	of	the	nitrogen	atom	on	the	C≡C	bond	would	then	give	the	
alkenyl	 complex	 B.	 Trans‐addition	 is	 supported	 by	 the	 Z	 stereochemistry	 of	 the	 product	2a‐D‐C	
obtained	by	5‐exo	cyclization	of	the	deuterated	alkyne	1a‐D‐C.	
			(iii)	Finally,	the	alkylidene	lactam	would	be	released	and	complex	III	would	be	regenerated.	
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2.7	Summary	
In	 conclusion,	 a	 simple	 structural	 modulation	 of	 previously	 described	 Pd	 pincer	 complex	 had	
significantly	enhanced	the	thermal	robustness	and	catalytic	performance	in	the	cycloisomerization	
reactions.	A	variety	of	alkynylamides	were	meticulously	prepared	from	the	corresponding	carboxyl	
acid.	With	the	new	catalytic	system	applied,	these	amides	can	be	activated	for	the	cycloisomerization	
in	a	relatively	harder	reaction	conditions,	than	that	of	corresponding	acids.	The	amide	scope	is	quite	
broad	 and	 ranges	 from	 linear	C5‐C7,	 the	 substituted,	 benzo‐fused,	 to	 internal	 ones.	And	 finally	 a	
majority	of	exo	lactam	products,	together	with	surprising	internal	endo	lactam	can	be	prepared	in	
excellent	 yields	 (most	 often	90	%).	 It	 is	 pretty	 inspiring	 to	 obtain	 the	 7‐member	 ring	methylene	
caprolactam	for	the	first	time,	prepared	via	a	cycloisomerization.	
Nevertheless,	there	are	still	plenty	of	room	for	improvement	of	our	current	complex	system,	as	full	
conversion	for	C7	lactam	cannot	be	accomplished	even	after	heating	for	days,	no	reaction	of	internal	
C6	amide	happened	at	all.		
Overall,	these	results	underline	the	great	potential	of	indenediide	pincer	complexes	in	catalysis.	
Cooperation	 between	 the	 metal	 center	 and	 the	 electron‐rich	 indenediide	 backbone	 holds	 much	
promise.	Further	structural	modulation	of	the	pincer	complexes	will	be	presented	in	the	following	
chapter.	
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2.8	Experiment	Part	
2.8.1	General	Considerations		
All	reactions	and	manipulations	were	carried	out	under	an	atmosphere	of	dry	argon	using	standard	
Schlenk	techniques.	Dry,	oxygen–free	solvents	were	employed.	All	organic	reagents	were	obtained	
from	commercial	 sources	and	used	as	 received.	 31P,	 1H	and	 13C	 spectra	were	 recorded	on	Bruker	
Avance	300.	31P,	1H	and	13C	chemical	shifts	are	expressed	with	a	positive	sign,	in	parts	per	million,	
relative	to	external	85%	H3PO4	and	Me4Si.	Unless	otherwise	stated,	NMR	spectra	were	recorded	at	
293	K.	4‐heptynoic	acid	(5a),	5‐hexynoic	acid	(6b)	and	6‐heptynoic	acid	(6f)	were	purchased	from	
Sigma‐Aldrich.	 6‐heptynoic	 acid	 was	 dried	 with	 molecular	 sieves	 overnight	 and	 distilled	 with	 a	
Kugelrohr	distillation	apparatus.	
	
2.8.2	Synthesis	of	Ligand	
 
Synthesis	of	the	ligand	1,3‐(iPr2P=S)2(C9H6)	(5):	In	a	250	mL	round‐bottomed	Schlenk	to	
a	 solution	 of	 indene	 (2	 mL,	 0.017	 mol)	 in	 diethyl	 ether	 (100	 mL)	 at	 ‐78°C	 was	 added		
n‐butyllithium	(10.7	mL	of	a	1.6	M	hexanes	solution	diluted	with	10	mL	of	diethyl	ether,	
0.017	mol)	dropwise	over	a	1	hr	period	and	further	addition	of	chlorodiisopropylphosphine	
(2.7	mL	diluted	with	10	mL	of	diethyl	ether,	0.017	mol)	dropwise	over	a	period	of	1	hr.	The	
reaction	mixture	was	warmed	 slowly	 to	 room	 temperature	 and	 stirring	 for	 20	 hrs.	 In	 a	
second	 step,	 the	 reaction	 mixture	 was	 cooled	 down	 at	 ‐78°C	 and	 was	 again	 added	 n‐
butyllithium		(10.7	mL	of	a	1.6	M	hexanes	solution	diluted	with	10	mL	of	diethyl	ether,	0.017	
mol)	dropwise	over	a	1	hr	period	and	further	addition	of	chlorodiisopropylphosphine	(2.7	
mL	diluted	with	10	mL	of	diethyl	 ether,	 0.017	mol)	dropwise	over	 a	period	of	1	hr	 	 and	
stirring	at	room	temperature	for	20	hrs.	The	reaction	mixture	was	filtrated	and	transferred	
via	cannula	to	another	250	mL	round‐bottomed	Schlenk	containing	an	excess	of	elemental	
sulphur	(2.17g,	0.068	mol)	under	vigorous	stirring,	the	residue	was	rinsed	with	25	mL	of	
diethyl	ether	and	again	filtrated	and	transferred	via	cannula.	The	resulting	suspension	was	
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stirred	during	40	hrs	and	evolved	to	a	red	suspension.	The	final	product	is	not	air	sensitive,	
after	evaporation	of	the	solvent	the	residue	was	purified	by	silica	gel	flash	chromatography,	
the	 residual	 elemental	 sulphur	 and	 the	 impurities	 were	 first	 eluted	 with	 a	 mixture	
pentane/dichlorometane	 1:1	 and	 the	 desire	 product	 was	 eluted	 with	 dichloromethane	
affording	a	reddish	fraction.	This	fraction	was	collected,	evaporated	and	precipitated	with	
pentane	 affording	 a	 red	 powder	 (5.6	 g,	 yield	 79	%).	M.p.	 121.0‐121.8	 °C.	 	 31P{1H}–NMR	
(CDCl3):	δppm	71.5	and	61.9	(d,	4JPP	=	3.7).	1H{31P}–NMR	(CDCl3):	δppm	8.20	(d,	3JHH	=	6.0	Hz,	
1H,	H5),	7.79	(d,	3JHH	=	6.0	Hz,	1H,	H8),	7.54	(d,	3JHH	=	3.0	Hz,	1H,	H2),	7.38	(td,	3JHH	=	9.0,		4JHH	
=	0.6	Hz,	1H,	H6),	7.29	(td,	3JHH	=	9.0,		4JHH	=	0.6	Hz,	1H,	H7),	4.38	(dd,	3JHH	=	0.8	Hz,		4JHH	=	0.6	
Hz,	1H,	H1),	2.66	(sep,	3JHH	=	9.0	Hz,	1H,	CH(CH3)2),	2.50	(sep,	3JHH	=	9.0	Hz,	1H,	CH(CH3)2),	
2.32	(sep,	3JHH	=	9.0	Hz,	1H,	CH(CH3)2),	1.98	(sep,	3JHH	=	9.0	Hz,	1H,	CH(CH3)2),	1.32	(d,	3J	=	9.0	
Hz,	3H,	CH(CH3)2),	1.29	(d,	3J	=	9.0	Hz,	3H,	CH(CH3)2),	1.27	(d,	3J	=	9.0	Hz,	3H,	CH(CH3)2),	1.14	
(d,	 3J	=	9.0	Hz,	3H,	CH(CH3)2),	1.09	 (d,	 3J	=	9.0	Hz,	3H,	CH(CH3)2),	1.06	 (d,	 3J	=	9.0	Hz,	3H,	
CH(CH3)2),	0.98	(d,	3J	=	9.0	Hz,	3H,	CH(CH3)2),	0.95	(d,	3J	=	9.0	Hz,	3H,	CH(CH3)2).	1H–NMR	
(CDCl3):	δppm	8.09	(d,	3JHH	=	6.0	Hz,	1H,	H5),	7.70	(d,	3JHH	=	9.0	Hz,	1H,	H8),	7.44	(dt,	3JHP	=	9.0	
Hz,	3JHH	=	3.0	Hz,	1H,	H2),	7.28	(t,	3JHH	=	9.0	Hz,	1H,	H6),	7.29	(t,	3JHH	=	9.0	Hz,	1H,	H7),	4.28	
(dd,	2JHP	=	24	Hz,	4JHP	=	3	Hz,	1H,	H1),	2.56	(dddd,	2JHP	=	21.0	Hz,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	
2.40	(dddd,	2JHP	=	21.0	Hz,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	2.21	(dddd,	2JHP	=	21.0	Hz,	3JHH	=	9.0	
Hz,	1H,	CH(CH3)2),	1.89	(dddd,	2JHP	=	21.0	Hz,	3JHH	=	9.0	Hz,	1H,	CH(CH3)2),	1.26	to	1.13	(m,	9H,	
CH(CH3)2),	1.05	to	0.83	(m,	9H,	CH(CH3)2).	13C{1H}–NMR	(CDCl3):	δppm	147.4	(dd,	2JCP	=	9.1	
Hz,	2JCP	=	8.3	Hz,	C2),	142.2	(dd,	2JCP	=	9.8	Hz,	3JCP	=	3.7	Hz,	C4),	141.9	(dd,	2JCP	=	8.7	Hz,	3JCP	=	
3.0	Hz,	C9),	137.0	(dd,	1JCP	=	65.3	Hz,	3JCP	=	6.8	Hz,	C3),	127.8	(s,	C6),	126.1	(s,	C7),	126.0	(s,	
C5),	122.6	(s,	C8),	52.2	(dd,	1JCP	=	65.3	Hz,	3JCP	=	11.3	Hz,	C1),	29.0	(d,	1JCP	=	47.5	Hz,	CH(CH3)2),	
28.3	(d,	1JCP	=	47.5	Hz,	CH(CH3)2),	28.2	(d,	1JCP	=	47.5	Hz,	CH(CH3)2),	27.9	(d,	1JCP	=	47.5	Hz,	
CH(CH3)2),	 17.5	 (d,	 2JCP	 =	 3.0	 Hz,	 CH(CH3)2),	 17.3	 (d,	 2JCP	 =	 3.0	 Hz,	 CH(CH3)2),	 17.1	 (m,	
CH(CH3)2),	16.6	(d,	2JCP	=	2.3	Hz,	CH(CH3)2),	16.6	(d,	2JCP	=	1.5	Hz,	CH(CH3)2),	16.3	(d,	2JCP	=	1.5	
Hz,	CH(CH3)2).	MS	(EI,	m/z	(%))	413.1	(76)	[M+H]+,	265	(100)	[(M+H)		̶		(iPr2P=S)]+.	Anal	
Calcd	for	C21H34P2S2:	C,	61.13;	H,	8.31;	S,	15.54.	Found:	C,	60.89;	H,	8.23;	S,	15.35.	
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2.8.3	Synthesis	of	Complexes	
	
Synthesis	 of	 {PdCl[(iPr2P=S)2(C9H5)]}	 (IV):	 A	 solution	 of	 1,3‐(iPr2P=S)2(C9H6)	 (700	 mg,	 1.2	
equiv.,1.7	mmol)	and	[Pd(PhCN)2Cl2]	(542	mg,	1.0	equiv.,1.4	mmol)	in	20	mL	of	THF	was	stirred	at	
room	temperature	for	20	h.	A	yellow	precipitate	appeared,	the	orange	mother‐liquor	was	discarded	
and	the	yellow	precipitate	was	washed	with	diethyl	ether	(2	x	20	mL).	After	drying	under	vacuum	
the	complex	was	obtained	as	a	yellow	powder	(636	mg,	yield	82%).	M.p.	203.8‐207.4	°C.		31P{1H}–
NMR	(CDCl3):	δppm	85.1	and	83.7	(s,	slightly	broad).	1H{31P}–NMR	(CDCl3):	δppm	7.36	(d,	3JHH	=	6.0	Hz,	
1H,	H5),	7.26	(t,	3JHH	=	6.0	Hz,	1H,	H6),	7.18	(d,	3JHH	=	6.0	Hz,	1H,	H8),	7.11	(t,	3JHH	=	6.0,	1H,	H7),	4.61	
(s,	1H,	H1),	2.85	(sept,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	2.63	(sep,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	2.58	(sept,	
3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	1.98	(sep,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	1.55	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	
1.41	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	1.29	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	1.26	(d,	3JHH	=	6.0	Hz,	3H,	
CH(CH3)2),	1.11	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	0.98	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	0.95	(d,	3JHH	=	6.0	
Hz,	3H,	CH(CH3)2).	1H–NMR	(CDCl3):	δppm	7.42	(d,	3JHH	=	6.0	Hz,	1H,	H5),	7.32	(t,	3JHH	=	6.0	Hz,	1H,	H6),	
7.22	(d,	3JHH	=	6.0	Hz,	1H,	H8),	7.17	(t,	3JHH	=	6.0,	1H,	H7),	4.66	(dd,	2JHP	=	24.0	Hz,	4JHH	=	3.0	Hz,	1H,	H1),	
2.92	(m,	1H	CH(CH3)2),	2.66	(m,	2H	CH(CH3)2),	2.04	(m,	1H	CH(CH3)2),	1.60	(dd,	3JHP	=	18.0	Hz,	3JHH	=	
9.0	Hz,	3H,	CH(CH3)2),	1.48	(dd,	3JHP	=	18.0	Hz,	3JHH	=	9.0	Hz,	6H,	CH(CH3)2),	1.32	(m,	6H,	CH(CH3)2),	
1.16	(dd,	3JHP	=	18.0	Hz,	3JHH	=	9.0	Hz,	3H,	CH(CH3)2),	1.02	(m,	3H,	CH(CH3)2).	13C{1H}–NMR	(CDCl3):	
δppm	186.9	(dd,	2JCP	=	20.8	Hz,	2JCP	=	3.7	Hz,	C2),	145.1	(dd,	2JCP	=	17.0	Hz,	3JCP	=	5.3	Hz,	C4),	140.4	(dd,	
1JCP	=	90.6	Hz,	3JCP	=	8.3	Hz,	C3),	140.9	(d,	slightly	broad,	2JCP	=	8.3	Hz,	C9),	128.6	(s,	C6),	124.3	(s,	C7),	
123.6	(s,	C5),	119.05	(s,	C8),	69.6	(dd,	1JCP	=	48.0	Hz,	3JCP	=	15.8	Hz,	C1),	28.1	(d,	1JCP	=	40.8	Hz,	CH(CH3)2),	
27.7	(d,	1JCP	=	40.8	Hz,	CH(CH3)2),	25.8	(d,	1JCP	=	40.8	Hz,	CH(CH3)2),	24.7	(d,	1JCP	=	40.8	Hz,	CH(CH3)2),	
17.6	(d,	1JCP	=	2.3	Hz,	CH(CH3)2),	17.5	(d,	1JCP	=	2.3	Hz,	CH(CH3)2),	17.3	(d,	1JCP	=	2.3	Hz,	CH(CH3)2),	17.2	
(d,	1JCP	=	2.3	Hz,	CH(CH3)2),	17.1	(d,	1JCP	=	2.3	Hz,	CH(CH3)2),	16.7	(d,	1JCP	=	2.3	Hz,	CH(CH3)2),	15.8	(d,	
1JCP	 =	 2.3	 Hz,	 CH(CH3)2).	 MS	 (ESI):	 m/z	 [M‐Cl]+	 Calcd:	 517.1,	 Found:	 517.1.	 Anal	 Calcd	 for	
C21H33P2PdS2:	C,	45.57;	H,	6.01;	S,	11.59.	Found:	C,	45.69;	H,	6.07;	S,	11.43.	
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Synthesis	of	[N(n‐Bu)4]{PdCl[(iPr2P=S)2(C9H4)]}	(II):	A	solution	of	{PdCl(iPr2P=S)2(C9H5)}	(400	mg,	
1.0	equiv.,	0.72	mmol),	potassium	tert‐butoxide	(82	mg,	1	equiv.,	0.72	mmol)	and	[N(n‐Bu)4]Cl	(241	
mg,	1.2	equiv.,	0.86	mmol)	in	20	mL	of	CH2Cl2	was	stirred	at	room	temperature	for	20	h.	The	original	
yellow	 solution	 becomes	brown,	 the	 reaction	mixture	was	 filtrated	 via	 cannula,	 and	 the	mother‐
liquor	was	concentrated	at	c.a.	4	mL.	Under	vigorous	stirring	were	added	60	mL	of	diethyl	ether.	A	
yellowish‐brown	 precipitate	 appears.	 The	 mother‐liquor	 was	 discarded	 and	 the	 precipitate	 was	
dried	under	vacuum	yielding	a	yellowish‐brown	powder	(460	mg,	yield	81%).	The	precipitate	was	
recrystallized	by	slow	diffusion	of	CH2Cl2/diethyl	ether	affording	yellowish‐brown	crystals	suitable	
for	X‐ray	diffraction	analysis.	M.p.	216.8‐218.8	°C.	 	31P{1H}–NMR	 (CD2Cl2):	δppm	75.0	(s).	1H{31P}–
NMR	(CD2Cl2):	δppm	7.12	(m,	broad,	2H,	H8	and	H5),	6.58	(m,	broad,	2H,	H7	and	H6),	3.24	(m,	8H,	
(CH2)3CH3),	2.49	(sep,	3JHH	=	9.0,	4H,	CH(CH3)2),	1.60	(m,	8H,	(CH2)3CH3),	1.38	(sex,	3JHH	=	6.0	Hz,	8H,	
(CH2)3CH3),	1.17	(d,	3JHH	=	6.0	Hz,	12H,	CH(CH3)2),	1.10	(d,	3JHH	=	6.0	Hz,	12H,	CH(CH3)2),	0.91	(t,	3JHH	=	
6.0	Hz,	12H,	(CH2)3CH3).	1H–NMR	(CD2Cl2):	δppm	7.24	(m,	2H,	H8	and	H5),	6.70	(m,	2H,	H7	and	H6),	
3.36	(m,	8H,	(CH2)3CH3),	2.61	(dddd,	2JHP	=	21.0,	3JHH	=	9.0	Hz,	4H,	CH(CH3)2),	1.49	(m,	8H,	(CH2)3CH3),	
1.50	(sex,	3JHH	=	6.0	Hz,	8H,	(CH2)3CH3),	1.29	(dd,	3JHP	=	18.0	Hz,	3JHH	=	6.0	Hz,	12H,	CH(CH3)2),	1.22	(dd,	
3JHP	=	18.0	Hz,	 3JHH	=	6.0	Hz,	12H,	CH(CH3)2),	1.03	 (t,	 3JHH	=	6.0	Hz,	12H,	 (CH2)3CH3).	 13C{1H}–NMR	
(CD2Cl2):	δppm	168.5	(t,	2JCP	=	21.9,	C2),	145.1	(m,	C4	and	C9),	116.0	(s,	C8	and	C5),	115.8	(s,	C7	and	C6),	
100.1	 (dd,	 1JCP	=	 114.0	Hz,	 3JCP	=	 15.8	Hz,	 C3	 and	 C1),	 59.0	 (s,	 (CH2)3CH3),	 27.6	 (d,	 1JCP	=	 48.3	Hz,	
CH(CH3)2),	 24.2	 (s,	 (CH2)3CH3),	 19.8	 (s,	 (CH2)3CH3),	 27.6	 (d,	 2JCP	 =	 59.6	 Hz,	 CH(CH3)2),	 24.2	 (s,	
(CH2)3CH3).	MS	(ESI):	m/z	[M]+	Calcd:	793.3,	Found:	793.3,	[M	–	Cl	–	N(n‐Bu)4]+	Calcd:	516.0,	Found:	
516.1.	Anal	Calcd	for	C37H68ClNP2PdS2:	C,	55.91;	H,	8.62;	N,	1.76;	S,	8.07.	Found:	C,	55.20;	H,	8.42;	N,	
1.60;	S,	7.76.	
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Synthesis	 of	 the	 dimeric	 complex	 {Pd[(iPr2P=S)2(C9H4)]}2	 (III):	 A	 solution	 of	
{PdCl(iPr2P=S)2(C9H5)}	(200	mg,	0.36	mmol)	and	potassium	tert‐butoxide	(41	mg,	0.36	mmol)	in	10	
mL	of	CH2Cl2	was	stirred	at	room	temperature	for	20	h.	The	original	yellow	solution	becomes	orange;	
the	reaction	mixture	was	poured	over	a	chromatographic	column	of	alumina.	The	dimeric	complex	
was	first	eluted	with	CH2Cl2	affording	an	orange	fraction.	This	fraction	was	collected	and	evaporated	
until	dryness.	The	residue	was	precipitated	with	20	mL	of	diethyl	ether	rendering	the	pure	dimmer	
like	a	red	powder	(145	mg,	yield	78%).	Crystals	suitable	for	X‐ray	diffraction	analysis	were	obtained	
by	slow	evaporation	of	a	solution	of	the	complex	in	a	mixture	CH2Cl2/diethyl	ether	10/90	affording	
reddish‐orange	crystals.	M.p.	(decomposition)	288	°C.	31P{1H}–NMR	(CDCl3):	δppm	78.2	and	71.2	(s,	
broad).	1H{31P}–NMR	(CDCl3):	δppm	7.22	(s,	broad,	2H,	H8	and	H5),	6.79	and	6.76	(t,	2H,	H7	and	H6),	
2.96	(s,	broad,	2H,	(CH2)3CH3),	2.56	(s,	broad,	2H,	CH(CH3)2),	1.46	(s,	broad,	6H,	CH(CH3)2),	1.21	(s,	
broad,	18H,	CH(CH3)2).	1H–NMR	(CDCl3):	δppm	7.25	(s,	broad,	2H,	H8	and	H5),	6.80	(m,	2H,	H7	and	
H6),	 2.97	 (s,	 broad,	 2H,	 CH(CH3)2),	 2.58	 (s,	 broad,	 2H,	 CH(CH3)2),	 1.46	 to	 1.20	 (m,	 broad,	 24H,	
CH(CH3)2).	13C{1H}–NMR	(CD2Cl2):	δppm	168.0	(t,	2JCP	=	19.6,	C2),	139.6	(m,	broad,	C4	and	C9),	117.2	
(s,	broad,	C8	and	C5),	116.8	and	116.4	(s,	broad,	C7	and	C6),	100.5	and	94.7	(dd,	broad,	1JCP	=	108.0	
Hz,	3JCP	=	16.6	Hz,	C3	and	C1),	27.9,	27.3,	26.8,	26.2	(s,	broad,	CH(CH3)2),	17.0	and	16.4	(s,	broad,	
CH(CH3)2).	MS	(ESI):	m/z	[M2]+	Calcd:	1032.1,	Found:	1032.2,	[M]+	Calcd:	516.0,	Found:	516.1.	Anal	
Calcd	for	C42H64P4Pd2S4:	C,	48.79;	H,	6.24;	S,	12.40.	Found:	C,	48.25;	H,	6.36;	S,	11.12.	
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Synthesis	of	{Pd(CO)[(iPr2P=S)2(C9H4)]}	(V):	A	solution	of	{PdCl[(iPr2P=S)2(C9H4)]}2	(4)	
(25	mg,	0.024	mmol)	in	0.5	mL	of	CDCl3	within	an	NMR	pressure	tube	was	pressurized	at	5	
bar	of	CO.	The	red	solution	becomes	slightly	less	colored.	The	full	conversion	of	4	to	the	new	
complex	occurs	after	20	min.	IR	(CDCl3):	νCO	=	2114	cm−1.	31P{1H}–NMR	(CDCl3):	δppm	79.7	
(s).	1H{31P}–NMR	(CDCl3):	δppm	7.28	(m,	broad,	2H,	H8	and	H5),	6.82	(m,	broad,	2H,	H7	and	
H6),	2.61	(sep,	3JHH	=	9.0,	4H,	CH(CH3)2),	1.20	(d,	3JHH	=	9.0	Hz,	12H,	CH(CH3)2),	1.17	(d,	3JHH	=	
9.0	Hz,	12H,	CH(CH3)2).	1H–NMR	(CDCl3):	δppm	7.28	(m,	2H,	H8	and	H5),	6.82		(m,	2H,	H7	and	
H6),	2.64	(dddd,	2JHP	=	21.0,	3JHH	=	9.0	Hz,	4H,	CH(CH3)2),	1.21	(dd,	3JHP	=	15.0	Hz,	3JHH	=	6.0	Hz,	
12H,	CH(CH3)2),	1.15	(dd,	3JHP	=	15.0	Hz,	3JHH	=	6.0	Hz,	12H,	CH(CH3)2).	13C{1H}–NMR	(CDCl3):	
δppm	180.5	(t,	4JCP	=	15	Hz,	CO),	176.5	(t,	2JCP	=	22	Hz,	C2),	136.2	(m,	C4	and	C9),	117.5	(s,	C8	
and	C5),	117.4	(s,	C7	and	C6),	100.4	(dd,	1JCP	=	112.0	Hz,	3JCP	=	16	Hz,	C3	and	C1),	27.5	(d,	1JCP	
=	27.5	Hz,	CH(CH3)2),	16.6	(d,	2JCP	=	52	Hz,	CH(CH3)2).	
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2.8.4	Selected	Crystal	Data	
Crystallographic	 data	 were	 collected	 at	 193(2)	 K	 on	 Bruker‐AXS	 APEXII	 Quazar	
diffractometer	 with	 Mo	 Kα	 radiation	 (λ	 =	 0.71073	 Å)	 using	 an	 oil–coated	 shock–cooled	
crystal.	 Phi‐	 and	 omega‐	 scans	 were	 used.	 Semi‐empirical	 absorption	 corrections	 were	
employed.	The	structure	was	solved	by	direct	methods	(SHELXS‐97),8	and	refined	using	the	
least‐squares	method	on	F2.9		
Crystallographic	data	(excluding	structure	factors)	have	been	deposited	to	the	Cambridge	
Crystallographic	Data	Centre	as	supplementary	publication,	complexes	II	(CCDC	1014581)	
and	III	(CCDC	1014580).	
	
Table	 S1.	 Crystal	 Data,	 Data	 Collection,	 and	 Structure	 Refinement	 for	 [N(n‐
Bu)4]{PdCl[(iPr2P=S)2(C9H4)]}.	
Crystal	data	
formula	 C74H68Cl2N2P4Pd2S4	(CH2Cl2)	
Mr	 1674.63	
crystal	system	 triclinic	
space	group	 P	‐1	
a	(Å)	 10.2156(3)	
b	(Å)	 16.2747(5)	
c	(Å)	 26.6821(8)	
α(°)	 91.6030(10)	
β(°)	 90.239(2)	
γ(°)	 103.7250(10)	
V	(Å3)	 4307.4(2)	
Z	 2	
ρcalc	(g	cm‐3)	 1.291	
(mm‐1)	 0.752	
F(000)	 1772	
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crystal	size	(mm3)	 0.24	x	0.18	x	0.04	
Data	collection	and	Refinement	
T/K	 193(2)	
measd	reflns	 85271	
Unique	reflns	(Rint)	 15749	(0.0312)	
reflns	used	for	refinement 15749	
refined	parameters	 920	
GOF	on	F2	 1.061	
R1a	[I>2σ	(I)]	 0.0394	
wR2b	all	data	 0.0752	
a	R1	=	Σ||Fo|	‐	|Fc||/	Σ	|Fo|.	b	wR2	=	[Σ[	w(Fo2	‐	Fc2)2]	/	Σ	[w(Fo2)2]]1/2.	
	
Table	 S2.	 Crystal	 Data,	 Data	 Collection,	 and	 Structure	 Refinement	 for	
{Pd[(iPr2P=S)2(C9H4)]}2.	
Crystal	data	
formula	 C42H64P4Pd2S4	(C4H10O)	
Mr	 1108.01	
crystal	system	 monoclinic	
space	group	 P21/c	
a	(Å)	 18.0562(8)	
b	(Å)	 14.0451(7)	
c	(Å)	 22.0832(9)	
α(°)	 90	
β(°)	 113.610(2)	
γ(°)	 90	
V	(Å3)	 5131.5(4)	
Z	 4	
ρcalc	(g	cm‐3)	 1.434	
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(mm‐1)	 1.021	
F(000)	 2296	
crystal	size	(mm3)	 0.16	x	0.08	x	0.04	
Data	collection	and	Refinement	
T/K	 193(2)	
measd	reflns	 77988	
Unique	reflns	(Rint)	 9358	(0.0421)	
reflns	used	for	refinement 9358	
refined	parameters	 632	
GOF	on	F2	 1.102	
R1a	[I>2σ	(I)]	 0.0462	
wR2b	all	data	 0.1294	
a	R1	=	Σ||Fo|	‐	|Fc||/	Σ	|Fo|.	b	wR2	=	[Σ[	w(Fo2	‐	Fc2)2]	/	Σ	[w(Fo2)2]]1/2.	
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2.8.5	Synthesis	of	N‐tosyl	Alkynylamides	Substrates	
For	details,	please	see:	Ben	L.	Feringa.	Org.	Lett.,	2003,	5	(3),	pp	259–261.	
	
N‐tosylpent‐4‐ynamide	(1a):	This	product	was	prepared	following	the	procedure	described	in	the	
literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	
Pentane	(v/v,	1/2).	The	amide	was	isolated	as	a	white	solid	in	good	yield	(1.13	g;	85	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.88	(s,	1H,	NHTs),	7.95	(d,	J	=	8.3	Hz,	2H,	phenyl),	7.34	(m,	2H,	
phenyl),	2.51‐2.44	(m,	7H,	CH3(Ts)	and	CH2CH2),	1.97	(t,	J	=	2.4	Hz,	1H,	C≡CH).	13C{1H}–NMR	(75.5	
MHz,	CDCl3):	δppm	169.07	(C=O),	145.32,	135.39,	129.69,	128.41,	81.77	(C≡CH),	69.96	(C≡CH),	35.08	
(CH2CH2C≡CH),	 21.71	 (CH3	(Ts)),	 13.67	 (CH2CH2C≡CH).	HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	
(C12H14NO3S):	252.0694;	found:	252.0687.	
	
	
N‐tosylhex‐5‐ynamide	(1b):	This	product	was	prepared	following	the	procedure	described	in	the	
literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	
Pentane	(v/v,	1/2).	The	amide	was	isolated	as	a	white	solid	in	excellent	yield	(1.09	g;	90	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	9.04	(s,	1H,	NHTs),	7.94	(d,	J	=	8.3	Hz,	2H,	phenyl),	7.34	(d,	J	=	8.2	
Hz,	2H,	phenyl),	2.44‐2.39	(m,	5H,	CH3(Ts)	and	CH2CH2CO),	2.15	(td,	2H,	HC≡CCH2),	1.90	(t,	1H,	C≡CH),	
1.76	(m,	2H,	CH2CH2CO).	13C{1H}–NMR	(75.5	MHz,	CDCl3):	δppm	170.63	(C=O),	145.25,	135.49,	129.70,	
128.35,	 82.87	 (C≡CH),	 69.64	 (C≡CH),	 34.62	 (CH2CH2CO),	 22.74	 (CH2CH2CO),	 21.70	 (CH3),	 17.51	
(HC≡CCH2).	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C13H16NO3S):	266.0851;	found:	266.0855.	
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2‐(prop‐2‐yn‐1‐yl)‐N‐tosyloctanamide	(1c):	This	product	was	prepared	following	the	procedure	
described	in	the	literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	
Ethyl	acetate	and	Pentane	(v/v,	1/3).	The	amide	was	isolated	as	a	white	solid	in	excellent	yield	(0.28	
g;	86	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.94	(s,	1H,	NHTs),	7.95	(d,	J	=	8.3	Hz,	2H,	phenyl),	7.33	(d,	J	=	8.2	
Hz,	2H,	phenyl),	2.43	(s,	3H,	CH3	(Ts)),	2.33	(m,	3H,	CHCH2C≡CH),	1.97	(m,	1H,	C≡CH),	1.55	(m,	2H,	
CH2CHCH2C≡CH),	1.19	(m,	8H,	CH2CH2CH2CH2CH3),	0.84	(t,	J=	6.6	Hz,	3H,	CH3CH2CH2).	13C{1H}–NMR	
(75.5	MHz,	CDCl3):	δppm	172.25	(C=O),	145.15,	135.42,	129.55,	128.47,	80.77	(C≡CH),	70.98	(C≡CH),	
46.27	 (CHCH2C≡CH),	 31.48,	 31.40,	 29.01,	 26.57,	 22.46(CH2C≡CH),	 21.69	 (CH3	 (Ts)),	 20.88,	 14.02	
(CH2CH3).	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C18H26NO3S):	336.1633;	found:	336.1634.	
	
	
Ethyl	2‐(tosylcarbamoyl)pent‐4‐ynoate	(1d):	This	product	was	prepared	following	the	procedure	
described	in	the	literature.	The	product	was	cleanly	isolated	by	precipitation	with	Ethyl	acetate	and	
Pentane.	The	amide	was	isolated	as	a	white	solid	in	good	yield	(0.13	g;	40	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	9.57	(s,	1H,	NHTs),	7.95	(d,	J	=	8.4	Hz,	2H,	phenyl),	7.32	(d,	J	=	8.3	
Hz,	 2H,	 phenyl),	 4.22	 (m,	 2H,	 CH3CH2OOC),	 3.43	 (t,	 J=	 6.6	 Hz,	 1H,	 CHCH2C≡CH),	 2.74	 (m,	 2H,	
CHCH2C≡CH),	2.45	(s,	3H,	CH3	(Ts)),	1.99	(t,	J=	2.7	Hz,	1H,	C≡CH),	1.26	(t,	J=	7.2	Hz,	3H,	CH3CH2O).	
13C{1H}–NMR	(75.5	MHz,	CDCl3):	δppm	168.52	(C=O),	164.66	(COOCH2CH3),	145.31,	135.21,	129.56,	
128.58,	 78.93	 (C≡CH),	 71.53(C≡CH),	 62.72	 (COOCH2CH3),	 51.34	 (CHCH2C≡CH),	 21.70	 (CH3	 (Ts)),	
18.67	(CHCH2C≡CH),	13.92	(COOCH2CH3).	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	 (C15H18NO5S):	
324.0906;	found:	324.0898.	
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2‐acetamido‐N‐tosylpent‐4‐ynamide	 (1e):	 This	 product	was	 prepared	 following	 the	 procedure	
described	in	the	literature.	The	product	was	cleanly	isolated	by	precipitation	with	Ethyl	acetate	and	
Pentane.	The	amide	was	isolated	as	a	white	solid	in	moderate	yield	(0.06	g;	20	%).		
1H–NMR	(300.0	MHz,	(CD3)2CO):	δppm	10.81	(s,	1H,	NHTs),	7.89	(d,	J	=	8.3	Hz,	2H),	7.58	(s,	broad,	1H),	
7.41	(d,	J	=	8.2	Hz,	2H),	4.56	(m,	1H),	2.59	(m,	2H),	2.43	(s,	3H),	2.39	(t,	J=	2.5	Hz,	1H),	1.94	(s,	3H).	
13C{1H}–NMR	 (75.5	 MHz,	 (CD3)2CO):	 δppm	 170.19	 (C=O),	 168.51,	 144.65,	 136.62,	 129.34,	 128.17,	
78.83,	71.70,	52.36,	21.69,	20.61.	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C14H17N2O4S):	309.0909;	
found:	309.0905.	
	
	
2‐(2‐ethynylphenyl)‐N‐tosylacetamide	(1f):	This	product	was	prepared	following	the	procedure	
described	in	the	literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	
Ethyl	acetate	and	Pentane	(v/v,	1/2).	The	amide	was	isolated	as	a	white	solid	in	good	yield	(0.35	g;	
55	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.23	(s,	1H),	7.88	(m,	2H),	7.53	(m,	1H),	7.36‐7.27	(m,	4H),	7.22‐
7.19	(m,	1H),	3.75	(s,	2H),	3.21	(s,	1H),	2.42	(s,	3H).	13C{1H}–NMR	 (75.5	MHz,	CDCl3):	δppm	167.58	
(C=O),	145.08,	135.26,	134.91,	133.28,	130.20,	129.79,	129.47,	128.54,	128.14,	122.07,	82.96,	81.36,	
42.58,	21.68.	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C17H16NO3S):	314.0851;	found:	314.0854.	
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N‐tosylhept‐6‐ynamide	(1g):	This	product	was	prepared	following	the	procedure	described	in	the	
literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	
Pentane	(v/v,	1/2).	The	amide	was	isolated	as	a	white	solid	in	excellent	yield	(1.06	g;	96	%).	
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.97	(s,	1H),	7.94	(d,	J	=	8.3	Hz,	2H),	7.34	(d,	J	=	8.3	Hz,	2H),	2.44	(s,	
3H),	2.29	(t,	J	=	7.2	Hz,	2H),	2.12	(td,	J	=	7.0	Hz	and	J	=	2.6Hz,	2H),	1.91	(m,	1H),	1.69	(m,	2H),	1.45	(m,	
2H).	13C{1H}–NMR	(75.5	MHz,	CDCl3):	δppm	170.80	(C=O),	145.21,	135.53,	129.68,	128.32,	83.74,	68.81,	
35.58,	 27.43,	 23.27,	 21.70,	 18.04	 (CH3).	HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	 (C14H18NO3S):	
280.1007;	found:	280.0996.	
	
	
N‐tosylhex‐4‐ynamide	(1h):	This	product	was	prepared	following	the	procedure	described	in	the	
literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	
Pentane	(v/v,	1/2).	The	amide	was	isolated	as	a	white	solid	in	good	yield	(0.43	g;	81%).	
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.96	(s,	1H),	7.95	(d,	J	=	8.4	Hz,	2H),	7.34	(m,	2H),	2.47‐2.36	(m,	
7H)	 ,	 1.73	 (m,	 3H).	 13C{1H}–NMR	 (75.5	MHz,	 CDCl3):	 δppm	 169.56	 (C=O),	 145.17,	 135.54,	 129.62,	
128.40,	 77.82,	 76.58,	 35.72,	 21.69,	 14.12,	 3.39.	 HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	
(C13H16NO3S):	266.0851;	found:	266.0859.	
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N‐tosylhept‐5‐ynamide	(1r):	This	product	was	prepared	following	the	procedure	described	in	the	
literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	
Pentane	(v/v,	1/3).	The	amide	was	isolated	as	a	white	solid	in	excellent	yield	(0.98	g;	89	%).		
1H–NMR	(CDCl3):	δppm	9.10	(s,	broad,	1H,	NHTs),	7.96	(d,	2H,	Ph),	7.35	(d,	2H,	Ph),	2.45	(s,	3H,	PhCH3),	
2.40	 (t,	 2H,	 CH2CO),	 2.11	 (m,	 2H,	 CH2C≡C),	 1.73	 (m,	 5H,	 CH2CH2CO	 and	 C≡CCH3).	 13C{1H}–NMR	
(CDCl3):	δppm	170.9	(C1),	145.2	(C11),	135.6	(C8),	129.7	(C10,	C10’),	128.3	(C9,	C9’),	77.6	(C5),	77.0	
(C6),	 34.9	 (C2),	 23.4	 (C3),	 21.7	 (C12),	 17.9	 (C5),	 3.4	 (C7).	 HRMS	 (ESI):	 m/z	 calcd	 for	 [M+H]	
(C16H20NO5S)	Calcd:	280.1007,	Found:	280.1009.	
	
	
2‐(phenylethynyl)‐N‐tosylbenzamide	 (1i):	 This	product	was	prepared	 following	 the	procedure	
described	in	the	literature.	The	product	was	cleanly	isolated	by	flash	column	chromatography	with	
Ethyl	acetate	and	Pentane	(v/v,	1/2).	The	amide	was	isolated	as	a	white	solid	in	good	yield	(2.00	g;	
90	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	10.50	(s,	1H),	8.08‐8.01	(m,	3H),	7.75‐7.71	(m,	2H),	7.63	(m,	1H),	
7.61	(m,	1H),	7.46‐7.38	(m,	4H),	7.31	(d,	J	=	8.4	Hz,	2H),	2.41	(s,	3H).	13C{1H}–NMR	(75.5	MHz,	CDCl3):	
δppm	162.92	(C=O),	145.11,	135.66,	133.98,	132.58,	131.85,	131.44,	130.93,	139.82,	129.56,	129.11,	
128.78,	 128.74,	 121.14,	 120.37,	 98.70,	 86.69,	 21.70.	 HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	
(C22H18NO3S):	376.1007;	found:	376.1016.	
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3‐cyclohexyl‐2‐tosylisoquinolin‐1(2H)‐one	 (1j):	 This	 product	 was	 prepared	 following	 the	
procedure	 described	 in	 the	 literature.	 The	 product	 was	 cleanly	 isolated	 by	 flash	 column	
chromatography	with	Ethyl	acetate	and	Pentane	(v/v,	1/5).	The	amide	was	isolated	as	a	white	solid	
in	good	yield	(1.08	g;	64%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	10.79	(s,	1H),	8.08‐8.02	(m,	3H),	7.50‐7.42	(m,	2H),	7.38‐7.33	(m,	
3H),	2.77	(m,	1H),	2.42	(s,	3H),	2.03	(m,	2H),	1.80	(m,	2H),	1.67	(m,	3H),	1.41	(m,	3H).	13C{1H}–NMR	
(75.5	MHz,	CDCl3):	δppm	162.84	(C=O),	144.97,	135.88,	134.19,	132.50,	130.93,	130.89,	129.52,	128.70,	
128.46,	 125.44,	 121.10,	 105.13,	78.96,	32.12,	 30.11,	 25.67,	25.08,	 21.69.	HRMS	 (CH4‐Ionization)	
calcd	for	[M+H]	(C22H23NO3S):	382.1477;	found:	382.1479.	
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2.8.6	Catalysis	for	Lactams	
General	procedure	for	the	catalytic	cycloisomerization	of	Ynamide:	In	a	NMR	pressure	tube,	
the	dried	corresponding	Ynamide	(0.1	mmol)	and	the	iPrPd2	dimer	(2.6	mg,	5	mmol%)	in	0.7	mL	of	
CDCl3	was	heated	at	90	°C,	under	argon	atmosphere.	The	progress	of	the	reaction	was	monitored	both	
by	1H	NMR	and	31P	NMR.	Flash	column	chromatography	renders	 the	 lactams	 in	good	to	excellent	
yields.	 Crystallographic	 data	 (excluding	 structure	 factors)	 have	 been	 deposited	 to	 the	
Cambridge	 Crystallographic	 Data	 Centre	 as	 supplementary	 publication,	 2a	 (1446628),	 2b	
(1446630),	2g	(1446625),	2h	(1438982),	2i‐O‐endo	(1446629),	2i‐N‐endo	(1446628),	and	2j‐O‐endo	
(1446626).	
	
	
5‐methylene‐1‐tosylpyrrolidin‐2‐one	(2a):	After	complete	conversion	(10mins	heating	at	60°C),	
the	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	Pentane	
(v/v,	1/3).	The	lactam	was	isolated	as	a	white	solid	in	excellent	yield	(25.0	mg;	99%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	7.94	(m,	2H),	7.35	(m,	2H),	5.47	(m,	1H),	4.56	(m,	1H),	2.67	(m,	2H),	
2.48‐2.43	 (m,	 5H).	 13C{1H}–NMR	 (75.5	 MHz,	 CDCl3):	 δppm	 173.65	 (C=O),	 145.53,	 141.01,	 135.34,	
129.66,	128.09,	94.31,	29.92,	25.90,	21.72.	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C12H14NO3S):	
252.0694;	found:	252.0692.	
	
	
6‐methylene‐1‐tosylpiperidin‐2‐one	(2b):	After	complete	conversion	(heating	overnight	at	90°C),	
the	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	Pentane	
(v/v,	1/3).	The	lactam	was	isolated	as	a	white	solid	in	excellent	yield	(26.0	mg;	98	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	7.91	(m,	2H),	7.31	(m,	2H),	5.26	(m,	1H),	5.12	(m,	1H),	2.50	(t,	J	=	
7.4	and	7.3	Hz,	2H),	2.43	(s,	3H),	2.37	(t,	J	=	7.0	Hz,	2H),	1.77	(m,	2H).	13C{1H}–NMR	(75.5	MHz,	CDCl3):	
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δppm	170.65	(C=O),	144.84,	138.99,	136.55,	129.41,	128.56,	111.19,	33.71,	30.52,	21.67,	17.84.	HRMS	
(CH4‐Ionization)	calcd	for	[M+H]	(C13H16NO3S):	266.0851;	found:	266.0852.	
	
	
Ethyl	5‐methylene‐2‐oxo‐1‐tosylpyrrolidine‐3‐carboxylate	(2c):	After	complete	conversion	(30	
mins	at	room	temperature),	the	product	was	cleanly	isolated	by	flash	column	chromatography	with	
Ethyl	acetate	and	Pentane	(v/v,	1/3).	The	lactam	was	isolated	as	pale	oil	in	good	yield	(27.5	mg;	86	%).		
1H–NMR	(500.0	MHz,	CDCl3):	δppm	7.93	(d,	J=	8.5	Hz,	2H),	7.33	(d,	J=	8.0	Hz,	2H),	5.53	(m,	1H),	4.62	
(m,	1H),	4.15	(m,	2H),	3.48	(m,	1H),	3.05	(m,	1H),	2.86	(m,	1H),	2.43	(s,	3H),	1.21	(t,	J=	7.2	Hz,	3H).	
13C{1H}–NMR	(125.8	MHz,	CDCl3):	δppm	168.67,	167.39,	145.83,	138.64,	134.86,	129.74,	128.18,	95.06,	
62.26,	47.47,	30.10,	21.74,	13.96.	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C15H18NO5S):	324.0906;	
found:	324.0901.	
	
	
3‐hexyl‐5‐methylene‐1‐tosylpyrrolidin‐2‐one	(2d):	After	complete	conversion	(30	mins	at	room	
temperature),	the	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	
and	Pentane	(v/v,	1/9).	The	lactam	was	isolated	as	pale	oil	in	good	yield	(33.0	mg;	99	%).		
1H–NMR	(500.0	MHz,	CDCl3):	δppm	7.93	(d,	J=	8.4	Hz,	2H),	7.32	(d,	J=	8.1	Hz,	2H),	5.47	(m,	1H),	4.56	
(m,	1H),	2.78	(m,	1H),	2.47	(m,	1H),	2.43	(s,	3H),	2.34	(m,	1H),	1.71	(m,	1H),	1.33	(m,	1H),	1.22	(m,	
10H),	0.85	(t,	J=	7.0	Hz,	3H).	13C{1H}–NMR	(125.8	MHz,	CDCl3):	δppm	175.97,	145.40,	140.03,	135.40,	
129.62,	 128.02,	 94.18,	 41.10,	 32.88,	 31.54,	 30.63,	 28.92,	 26.45,	 22.50,	 21.71,	 14.02.	HRMS	 (CH4‐
Ionization)	calcd	for	[M+H]	(C18H25NO3S):	336.1633;	found:	336.1637.	
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N‐(5‐methylene‐2‐oxo‐1‐tosylpyrrolidin‐3‐yl)acetamide	 (2e):	 After	 complete	 conversion	 (30	
mins	at	room	temperature),	the	product	was	cleanly	isolated	by	flash	column	chromatography	with	
Acetone	and	Pentane	(v/v,	1/2).	The	lactam	was	isolated	as	pale	oil	in	good	yield	(25.0	mg;	82	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	7.90	(d,	J=	8.4	Hz,	2H),	7.34	(d,	J=	8.3	Hz,	2H),	6.43	(m,	1H),	5.49	(m,	
1H),	4.64	(s,	1H),	4.46	(m,	1H),	3.09	(m,	1H),	2.60	(m,	1H),	2.43	(s,	3H),	1.97	(s,	3H).	13C{1H}–NMR	
(125.8	MHz,	CDCl3):	δppm	171.88,	170.65,	145.96,	137.51,	134.78,	129.84,	128.04,	95.89,	50.51,	34.75,	
22.78,	21.77.	HRMS	(CH4‐Ionization)	calcd	for	[M+H]	(C14H17N2O4S):	309.0909;	found:	309.0906.	
	
	
3‐tosyl‐1H‐benzo[d]azepin‐2(3H)‐one	(2f):	After	complete	conversion	(12h	heating	at	120°C),	the	
product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	Pentane	(v/v,	
1/3).	The	lactam	was	isolated	as	a	white	solid	in	moderate	yield	(32.0	mg;	51	%).		
1H–NMR	(500.0	MHz,	CDCl3):	δppm	7.82	(m,	2H),	7.32‐7.30	(m,	3H),	7.25‐7.23	(m,	2H),	7.19	(m,	1H),	
7.12	(d,	J	=	9.6	Hz,	1H),	6.61	(d,	J	=	9.6	Hz,	1H),	3.54	(s,	2H),	2.37	(s,	3H).	13C{1H}–NMR	(125.7	MHz,	
CDCl3):	δppm	166.77	(C=O),	145.28,	135.32,	132.45,	130.81,	129.44,	129.42,	129.03,	128.72,	127.77,	
123.03,	 119.53,	 44.50,	 21.67.	HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	 (C17H16NO3S):	 314.0851;	
found:	314.0842.	
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7‐methylene‐1‐tosylazepan‐2‐one	 (2g):	 After	 70%	 conversion	 (3	 days	 heating	 at	 120	 °C),	 the	
product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	Pentane	(v/v,	
1/2).	The	lactam	was	isolated	as	white	solids	in	good	yield	(19.4	mg,	67%).		
C5	lactam:	1H–NMR	(300.0	MHz,	CDCl3):	δppm	7.92	(m,	2H),	7.30	(m,	2H),	5.44	(m,	1H),	5.28	(s,	1H),	
2.48	(m,	2H),	2.41	(m,	5H),	1.71	(m,	4H).	13C{1H}–NMR	(75.5	MHz,	CDCl3):	δppm	172.60	(C=O),	144.78,	
144.00,	136.31,	129.33,	128.88,	119.53,	37.50,	35.04,	29.90,	22.94,	21.66.	HRMS	(CH4‐Ionization)	
calcd	for	[M+H]	(C14H18NO3S):	280.1007;	found:	280.1017.	
	
	
6‐methyl‐1‐tosyl‐3,4‐dihydropyridin‐2(1H)‐one	(2h):	After	complete	conversion	(5	days	heating	
at	60°C),	the	product	was	cleanly	isolated	by	flash	column	chromatography	with	Ethyl	acetate	and	
Pentane	(v/v,	1/4).	The	lactam	was	isolated	as	a	light	brown	solid	in	good	yield	(64.0	mg;	83%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	7.96	(m,	2H),	7.31	(m,	2H),	5.50	(m,	1H),	2.42	(t,	5H),	2.23	(t,	3H),	
2.17‐2.10	 (m,	 2H).	 13C{1H}–NMR	 (75.5	 MHz,	 CDCl3):	 δppm	 172.72	 (C=O),	 144.74,	 137.21,	 136.80,	
129.38,	 128.40,	 115.32,	 35.15,	 21.65,	 20.89,	 18.65.	 HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	
(C13H16NO3S):	266.0851;	found:	266.0846.	
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(Z)‐4‐methyl‐N‐(3‐phenyl‐1H‐isochromen‐1‐ylidene)benzenesulfonamide	(O‐attack	2i‐endo):	
After	complete	conversion	(20	h	heating	at	35°C),	the	two	products	were	cleanly	isolated	by	flash	
column	chromatography	with	Ethyl	acetate	and	Pentane	(v/v,	1/4).	The	 lactams	were	 isolated	as	
white	solids	in	excellent	yield	(C5	lactam,	15.0	mg;	C6	lactam,	52	mg,	89	%).		
C5	lactam:	1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.19	(m,	1H),	7.86	(m,	2H),	7.66	(m,	1H),	7.54‐7.51	(m,	
2H),	7.46‐7.40	(m,	5H),	7.28‐7.25	(m,	2H),	6.48	(s,	1H),	2.41	(s,	3H).	13C{1H}–NMR	(75.5	MHz,	CDCl3):	
δppm	163.33	(C=O),	145.13,	141.16,	137.77,	136.30,	135.69,	134.13,	129.34,	129.17,	128.52,	128.41,	
128.23,	 127.79,	 127.37,	 126.46,	 125.96,	 112.94,	 21.71.	HRMS	 (CH4‐Ionization)	 calcd	 for	 [M+H]	
(C22H18NO3S):	376.1007;	found:	376.1013.	
	
3‐phenyl‐2‐tosylisoquinolin‐1(2H)‐one	 (N‐attack	2i‐endo):	 1H–NMR	 (300.0	MHz,	 CDCl3):	 δppm	
8.32	(m,	1H),	8.00	(m,	4H),	7.71	(m,	1H),	7.48	(m,	5H),	7.27	(m,	2H),	7.04	(s,	1H),	2.40	(s,	3H).	13C{1H}–
NMR	(75.5	MHz,	CDCl3):	δppm	159.35	(C=O),	153.45,	143.05,	139.37,	135.71,	135.39,	130.90,	130.44,	
129.29,	 129.06,	 128.94,	 128.81,	 126.95,	 126.13,	 125.66,	 120.65,	 103.08,	 21.54.	 HRMS	 (CH4‐
Ionization)	calcd	for	[M+H]	(C22H18NO3S):	376.1007;	found:	376.1012.	
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(Z)‐N‐(3‐cyclohexyl‐1H‐isochromen‐1‐ylidene)‐4‐methylbenzenesulfonamide	 (O‐attack	 2j):	
After	 complete	 conversion	 (3.5	 days	 heating	 at	 50°C),	 the	 product	 was	 cleanly	 isolated	 by	 flash	
column	chromatography	with	Ethyl	acetate	and	Pentane	(v/v,	1/10).	The	lactam	was	isolated	as	a	
white	solid	in	excellent	yield	(70.0	mg;	92	%).		
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.32	(d,	J	=	8.1	Hz,	1H),	7.96	(d,	J	=	8.2	Hz,	2H),	7.66	(t,	J	=	7.5	Hz,	
1H),	7.42	(t,	J	=	7.6	Hz,	1H),	7.33	(d,	J	=	8.2	Hz,	1H),	7.29	(d,	J	=	8.6	Hz,	2H),	6.30	(s,	1H),	2.41	(s,	3H,	‐
CH3),	2.37	(m,	1H),	1.88	(m,	4H),	1.74	(m,	1H),	1.34	(m,	4H),	1.24	(m,	1H).	13C{1H}–NMR	(75.5	MHz,	
CDCl3):	 δppm	 161.75	 (C=O),	 160.07	 (CTs),	 142.88,	 139.64,	 135.73,	 135.28,	 129.24,	 128.87,	 128.31,	
127.11,	125.44,	120.33,	102.55,	41.29	(CH),	30.35,	25.91,	25.75,	21.55	(CH3).	HRMS	(CH4‐Ionization)	
calcd	for	[M+H]	(C22H24NO3S):	382.1471;	found:	382.1485.	
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1‐Deuterio‐N‐tosylpent‐4‐ynamide:	 A	 dried	 Schlenk	 was	 charged	 with	 N‐tosylpent‐4‐ynamide	
(125	mg,	0.5	mmol).	To	 this	was	added	THF	 (dry,	10	mL)	and	 the	solution	was	 cooled	 to	 ‐78	 °C.		
Hexane	solution	of	tBuLi	(1.5M,	0.65	mL,	1.1	mmol,	2	equiv.)	was	added	dropwise	over	a	period	of	10	
min.	after	being	stirred	for	30	min	at	‐78	°C,	the	D2O	solution	(0.04	mL,	2.2	mmol,	4	equiv.)	was	added	
and	stirred	for	another	10	min.	Then	the	mixture	was	slowly	warmed	up	to	room	temperature.	The	
mixture	was	washed	by	2N	HCl,	and	extracted	with	Ethyl	Acetate.	The	combined	organic	layer	was	
dried	over	anhydrous	sodium	sulfate.	Filtration	and	evaporation	of	the	solvent	give	1‐deuterio‐N‐
tosylpent‐4‐ynamide	(90	mg,	72	%	yield)	as	a	colourless	oil.	
1H–NMR	(300.0	MHz,	CDCl3):	δppm	8.45	(s,	1H,	NHTs),	7.97	(d,	J	=	8.7	Hz,	2H,	phenyl),	7.37	(d,	J	=	7.9	
Hz,	2H,	phenyl),	2.50	(m,	4H,	CH2CH2),	2.47	(s,	3H,	CH3(Ts)).	
	
 
N‐Deuterio‐N‐tosylpent‐4‐ynamide:	A	dried	Schlenk	was	charged	with	N‐tosylpent‐4‐ynamide	(50	
mg,	0.2	mmol).	To	this	was	added	D2O	and	CDCl3	at	rt,	stirring	overnight.	After	decantation	and	drying	
over	Na2SO4,	and	the	isotopic	labelling	was	determined	by	1H	NMR	to	be	around	99%.	
1H–NMR	(300.0	MHz,	CDCl3):	δppm	7.96	(d,	J	=	8.3	Hz,	2H,	phenyl),	7.36	(d,	J	=	7.9	Hz,	2H,	phenyl),	2.52‐
2.47	(m,	4H,	CH2CH2),	2.46	(s,	3H,	CH3(Ts)),	1.99	(t,	J	=	2.5	Hz,	1H,	C≡CH)	
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Chapter	3	When	Pt	Outperforms	Pd	in	Catalytic	
Cycloisomerization	
This	chapter	will	 introduce	a	new	catalytic	system	based	on	 the	 indenediide	pincer	platform	in	
which	 Palladium	 was	 switched	 for	 Platinum.	 The	 synthesis	 and	 characterization	 of	 the	 new	 Pt	
complexes	 will	 be	 reported,	 followed	 by	 the	 evaluation	 of	 their	 performance	 in	 the	 catalytic	
cycloisomerization	 of	 N‐tosyl	 alkynylamides	 and	 alkynoic	 acids.	 Comparisons	 will	 clearly	
demonstrate	that	the	Pt	complexes	significantly	outperform	their	Pd	analogs,	 in	particular	for	the	
challenging	 medium‐size	 ring	 formation	 (6‐/7‐membered	 rings).	 In	 the	 light	 of	 in‐depth	
understanding	of	the	mechanism,	several	catechol	candidates	are	meticulously	chosen	as	H‐bonding	
additives	and	applied	to	further	enhance	the	cycloisomerization	in	an	impressive	way.	
3.1	Introduction	
Platinum	was	discovered	in	ancient	Egypt	more	than	3,000	years	ago,	and	the	first	known	reference	
was	described	in	the	writings	of	the	Italian	physician	Julius	Caesar	Scaliger,	in	1557.	Rudimentarily,	
Platinum	was	used	mainly	in	jewelry	and	ornaments	in	a	time,	as	it	appeared	scarcely	and	valued	
because	it	did	not	tarnish	like	sliver.	However,	nowadays	one	of	the	most	important	uses	of	Platinum	
is	obviously	catalysis.	With	the	development	of	era,	applications	of	Platinum	had	been	significantly	
extended	to	many	areas	both	in	industry	and	academia.		
First	reports	of	the	use	of	Pt	in	catalytic	transformations	date	back	to	the	XIXth	century	and	concern	
elemental	Pt.	The	earliest	hydrogenation	 reported	 in	1823	used	Pt	 as	 catalyst	 for	 the	 reaction	of	
hydrogen	with	 oxygen	 in	 the	 Döbereiner’s	 lamp,	 a	 device	 developed	 for	 lighting	 fires	 and	 pipes	
(Scheme	3.1).1	Since	 this	pioneering	process,	hydrogenation	reactions	have	been	one	of	 the	most	
important	 catalytic	 application	 of	 Pt.	 Later,	 in	 1831,	 England	 chemist	 P.	 Philips	 developed	 a	
Pt/asbestos	system	to	catalyze	the	oxidation	of	sulfuric	dioxide,	as	a	response	to	the	huge	demand	of	
sulfuric	acid	of	the	industrial	revolution.2	
 
Scheme	3.1	Philips’s	hydrogenation	using	Pt	as	catalyst.	
Later	in	the	dawn	of	the	XXth	century,	the	German	chemist	W.	Ostwald	industrialized	the	production	
of	nitric	acid	by	oxidation	of	ammonia	in	presence	of	Pt‐plate	(Scheme	3.2),	which	earned	him	the	
Nobel	prize	in	1909.2		
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NH3 5/4 O2 NO 3/2 H2O
 NO          1/2 O2                             NO2
2 NO2 N2O4
3 NO2 H2O 2 HNO3         NO  
Scheme	3.2	Industrialization	of	Nitric	acid	by	W.	Ostwald.	
In	our	daily	life,	the	most	known	use	of	Platinum	as	a	catalyst	is	in	cars,	as	a	catalytic	convertor,	
fertilizing	the	complete	combustion	of	the	unburned	hydrocarbon,	and	reducing	the	amount	of	the	
pollutants	released	to	the	air.	
Looking	back	to	academia,	in	1827,	the	prominent	Danish	organic	chemist	W.	C.	Zeise	described	
the	first	organometallic	compound,	namely	“Zeise’s	salt”,	K[Pt(C2H4)Cl3]·H2O	(Figure	3.1	a).3	This	was	
a	remarkable	discovery	for	organometallic	chemistry,	and	also	for	Platinum	chemistry.	Since	then,	a	
great	deal	of	platinum‐olefin	complexes	and	other	Pt	organometallic	complexes	have	been	reported.	
These	 complexes	 have	 found	 versatile	 applications	 in	 different	 fields.	 In	 addition	 to	 catalysis,	 Pt	
complexes	have	in	particular	received	increasing	research	interest	because	of	their	potential	utility	
in	 gas‐sensing	devices,4,5	 organometallic	 supramolecular	 structure	 building,6,7	 and	design	 of	 anti‐
cancer	prodrugs.8,9	
	
Figure	3.1	Representative	examples	of	Pt	complexes.	
Pt	 complexes	 have	 demonstrated	 diverse	 catalytic	 activities	 in	 a	 relatively	 large	 range	 of	
transformations.	 One	 of	 the	most	 impressive	 catalytic	 applications	 of	 Pt	 complexes	 is	 the	 olefin	
hydrosilylation.	 Pt	 complexes,	 such	 as	 the	Karstedt’s	 catalyst	 (Figure	 3.1	 b)	 are	 among	 the	most	
efficient	 catalysts	 for	 this	 transformation,	 and	 have	 found	 industrial	 applications.10	 However,	 in	
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comparison	with	palladium	complexes,	platinum	catalysts	seem	somewhat	overlooked,	probably	due	
to	the	intrinsic	properties	of	Pt.11,12	Compared	to	Pd,	Pt	forms	stronger	M‐C	bonds,	with	strengths	
close	to	C‐C	bonds.	As	a	result,	whereas	for	Pd	complexes	reductive	elimination	to	form	C‐C	bonds	is	
typically	 a	 favored	 process,	 for	 Pt	 complexes	 both	 reductive	 elimination/oxidative	 addition	 have	
large	 activation	 barriers,	 making	 C‐C	 formation	 slower	 (Table	 3.1).11	 In	 addition,	 Pt	 complexes	
possess	higher	kinetic	 inertness,	which	results	 in	much	slower	 ligand	substitution	process	 (up	 to	
several	orders	of	magnitude).	These	facts	make	Pt	complexes	less	suitable	for	C‐C	coupling	process,	
in	 which	 Pd	 complexes	 occupy	 a	 forefront	 position.	 However,	 thanks	 to	 their	 low	 reactivity,	 Pt	
complexes	are	valuable	tools	for	the	isolation	and	characterization	of	catalytic	intermediates.	That,	
and	the	fact	that	Pt	has	an	active	isotope	in	NMR	(195Pt,	33	%	abundance)	contributes	to	the	important	
role	of	Pt	complexes	in	the	investigation	of	the	mechanism	of	reactions.	
Table	3.1	Strength	of	M‐C	bonds,	and	activation	and	reaction	energies	of	C‐C	RE	and	OA	process.	(kcal/mol)	
	 BDE	 ΔE≠	(RE)	 ΔE	(RE)	 ΔE≠	(OA)	 ΔE	(OA)	
C‐C	 87.4	 	 	 	 	
Pd‐C	 43.3‐55.2	 24.9	 ‐19.0	 43.9	 19.0	
Pt‐C	 60.8‐66.5	 45.8	 ‐3.5	 49.3	 3.5	
	
From	another	point	of	view,	Pt	is	known	as	one	of	the	softest	metals,	as	a	result,	it	forms	stronger	
bonds	with	soft	 ligands,	such	as	sulfur	 ligands,	or	unsaturated	systems	via	π‐coordination.	Pt	has	
indeed	a	great	affinity	for	C‐C	double	and	triple	bonds,	and	recent	years	have	witnessed	an	upsurge	
of	interests	for	Pt	catalyzed	processes	involving	electrophilic	activation	of	multiple	C‐C	bonds.	
As	 for	 the	process	 involving	 electrophilic	 activation	of	 alkenes	 followed	by	addition	of	 a	protic	
nucleophile	to	the	C=C,	Pt	complexes	are	normally	less	reactive	than	those	of	Pd,	especially	in	M‐C	
bond	cleavage	to	release	the	product	by	β‐H	elimination.	Nevertheless,	the	lower	reactivity	in	ligand	
substitution	of	Pt	precisely	facilitates	alternative	catalytic	processes	for	M‐C	bond	cleavage,	such	as	
protonolysis,	 cyclopropanation,	 or	 cation	 rearrangement,	 giving	 access	 to	 different	 product.13	 An	
illustrative	 example	 is	 intramolecular	 hydroalkoxylations	 of	 δ	 and	 γ‐hydroxyolefins	 catalyzed	 by	
[PtCl2(C2H4)]2/2P(4‐C6H4CF3)3	 (Scheme	 3.3	 a).	 The	 final	 step,	 namely	 Pt‐C	 bond	 protonolysis,	
contrasts	with	 the	Pd	catalyzed	system,	which	 tends	 to	give	oxidized	products	via	a	Wacker‐type	
oxypalladation/β‐elimination	mechanism.	Additionally,	Pt	cationic	complexes	can	be	efficient	for	the	
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activation	of	non‐activated	alkynes	and	promote	nucleophilic	addition	of	water	or	methanol	to	yield	
the	corresponding	ketone,	after	hydrolysis	(Scheme	3.3	b).14	
 
Scheme	3.3	Processes	involving	Pt	electrophilic	activation	of	alkenes	and	alkynes.	
Another	important	process	involving	Pt	activation	of	alkynes	is	the	cycloisomerization	of	enynes,	
in	which	the	C‐C	bond	reacts	with	the	activated	alkynes.	Even	the	very	simple	catalyst	precursor,	
PtCl2,	 is	widely	 used	 in	 a	 variety	 of	 such	 reactions.	 The	 transition	metal	 catalyzed	 cyclization	 of	
enynes	and	diynes	is	among	the	most	important	strategy	for	the	construction	of	functionalized	cyclic	
structures.	 The	 cycloisomerization	 of	 1,6‐	 and	 1,7‐enynes	 is	 one	 of	 the	 most	 investigated	
transformations.	Pt,	together	with	Au,	is	particularly	powerful.		Murai	et	al	first	reported	the	PtCl2‐
catalyzed	enyne	metathesis.15	The	treatment	of	1,6‐	and	1,7‐enynes	with	a	catalytic	amount	of	PtCl2	
in	toluene	at	80	°C	resulted	in	skeletal	reorganization	of	the	enynes	to	give	1‐vinycycloalkenes	in	high	
yields	(Scheme	3.4).	
	
Scheme	3.4	PtCl2‐catalyzed	conversion	of	1,6‐enynes	to	1‐vinycyclopentens.	
In	2000,	Trost	reported	the	application	of	this	reaction	to	the	synthesis	of	a	bicyclic	natural	product,	
via	cycloisomerization	followed	by	a	ring‐expansion	process.16	In	the	approach	to	the	construction	of	
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roseophilin,	one	kind	of	prodiginine	family	of	alkaloids,	the	critical	step	entailed	the	transformation	
of	 the	 enyne	 to	 bicyclic	 diene	 (Scheme	 3.5).	 PtCl2	 can	 reliably	 catalyze	 the	 reaction	 at	 ambient	
temperature	to	afford	99	%	yield,	which	is	extremely	important	for	such	tedious	total	synthesis,	while	
Pd	catalysis	proved	to	be	inefficient	upon	this	reaction.		
 
Scheme	3.5	Synthesis	of	roseophilin	intermediate	via	enyne	metathesis.	
The	mechanism	proposed	for	these	reactions	is	reminiscent	of	the	one	proposed	in	chapter	2	for	
the	 cycloisomerization	 of	 alkynoic	 acids:	 nucleophilic	 addition	 of	 a	 protic	 reagent/alkene	 to	 the	
alkyne	activated	by	π‐coordination	to	Pt.	Taking	into	account	the	efficiency	of	the	transformations	
discussed	 above,	 some	 of	which	 are	 superior	 to	 those	 catalyzed	 by	 analogous	 Pd	 complexes,	we	
decided	to	investigate	the	impact	of	changing	the	Pd	atom	of	the	indenediide	pincer	complexes	by	Pt.	
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3.2	Results	Discussion	
As	previously	discussed,	our	former	indenediide	pincer	catalytic	system	based	on	Pd	demonstrated	
its	ability	towards	cycloisomerization	reactions.	A	facile	ligand	structural	modulation	significantly	
enhanced	 its	 thermal	 robustness	 and	 thereby	 its	 catalytic	 performance.	Nevertheless,	 limitations	
were	still	observed	regarding	several	challenging	substrates.17	The	cycloisomerizations	targeting	7‐
membered	ring	lactones	and	lactams	capped	both	at	around	70%	conversion,	and	C6	amides	bearing	
internal	alkynes	remained	intact	after	days.	Thus,	further	improvements	were	highly	desirable.	To	
these	ends,	we	became	extremely	interested	to	modulate	the	pincer	system	by	replacing	Palladium	
by	Platinum,	which	is	known	to	be	efficient	to	activate	the	C‐C	multiple	bonds,	in	particular	the	triple	
bonds.13	In	addition,	Platinum	has	scarcely	been	used	to	catalyze	the	cyclization	of	alkynoic	acids	and	
related	amides.18‐20	
	
3.2.1	Design	and	Synthesis	of	Pt	Complexes	
The	targeted	platinum	indenediide	complexes	were	synthesized	according	to	a	similar	route	to	that	
reported	for	the	Pd	complexes,21,22	in	two	steps	starting	from	the	bis(thiophosphinoyle)indene	pro‐
ligands	Ia,b	and	[Pt(C2H4)Cl2]2	as	metal	precursor	(Scheme	3.6).	The	indenyl	complexes	IIa,b	were	
first	formed	by	C–H	activation	(85	%	yield	for	both	of	them).		
 
Scheme	3.6	Synthesis	of	Pt	Indenediide	complexes	III‐IV	
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In	regard	to	31P	NMR	spectra,	both	complexes	display	two	singlet	signals,	respectively	at	56.8	&	
52.0	ppm	(IIa),	and	85.9	&	84.9	ppm	(IIb)	(compared	to	45.6	&	31.0	ppm	and	71.5	&	61.9	ppm,	for	
the	corresponding	free	ligands),	accompanied	by	satellites	for	the	low	field	signal	(JP‐Pt	=	81.0	and	
66.8	Hz	respectively).	The	chemical	shift	variations	 for	the	two	P=S	groups	and	the	P‐Pt	coupling	
observed	for	one	of	them	are	consistent	with	the	coordination	of	the	two	P=S	side	arms	and	with	a	
dissymmetrical	ligand	skeleton.	In	addition,	doublet	signals	associated	to	H1	were	observed	in	the	
1H	NMR	 spectra	 at	 4.96	 and	 4.05	 ppm	 respectively,	 and	 no	 signal	 corresponding	 to	H2	 could	 be	
observed.	These	observations	are	consistent	with	the	formation	of	the	indenyl	pincer	complexes	IIa,b.	
The	chloro	platinate	complexes	IVa,b	were	prepared	reacting	 the	 indenyl	complexes	IIa,b	with	
polystyrene‐supported	 DIEA	 (diisopropylethylamine)	 in	 the	 presence	 of	 tetrabutylammonium	
chloride	(IVa:	88%	and	IVb:	84%).	With	respect	to	the	31P	NMR,	both	platinate	complexes	exhibit	a	
singlet	signal,	respectively	at	45.9	ppm	and	75.4	ppm	(only	for	IVa	satellites	were	observed,	JP‐Pt	=	45	
Hz),	indicating	the	symmetrical	structure	of	the	indenediide	pincer	ligand.	Additionally,	the	1H	NMR	
spectra	denoted	the	disappearance	of	the	signals	attributed	to	H1	(observed	in	the	case	of	the	indenyl	
type	complexes)	confirming	the	formation	of	the	indenediide	skeleton.		
In	order	to	discard	the	non‐crucial	ammonium	salt	as	done	previously	for	the	Pd	complexes,	the	
neutral	trimeric/dimeric	complexes	IIIa,b	were	prepared	readily	by	using	sodium	acetate	in	toluene	
at	90	°C,	and	were	obtained	in	pure	form	and	good	yield	(IIIa:	78%	and	IIIb:	87%).	The	31P	NMR	
spectrum	of	IIIa	displays	two	broad	signals	at	43.8	&	38.4	ppm,	consistent	with	a	stronger	association	
of	the	indenediide	platinum	fragments	than	its	Pd	analogue	Ic,	which	showed	a	broad	singlet	signal	
(δP	=42.7	ppm).	This	can	be	regarded	as	a	proof	of	a	stronger	metal‐ligand	interaction	of	Platinum	
trimer	than	that	of	Palladium.	As	for	IIIb,	the	situation	is	similar	to	that	of	the	Pd	analog,	with	two	
singlets	at	68.9	and	79.8	ppm.	Again,	the	1H	NMR	spectrum	confirms	the	abstraction	of	H1.	These	
data	 are	 consistent	with	 the	 formation	 of	 the	 indenediide	Pt	 fragment,	 but	 no	 conclusion	 can	be	
drawn	concerning	the	degree	of	association.		
All	the	complexes	have	also	been	characterized	by	the	13C	NMR,	and	most	diagnostic	are	the	signals	
for	the	central	carbon	atom	of	the	SCS	pincer	which	appear	slightly	upfield	(at	around	160	ppm),	
compared	to	those	of	the	related	Pd	complexes	(by	~10	ppm)	with	the	expected	multiplicity	(t	or	dd	
due	to	P‐C	coupling).	
The	structure	of	complexes	IIb,	IIIa	and	IVa	were	unambiguously	confirmed	by	X‐ray	diffraction,	
which	the	crystals	were	obtained	by	slow	diffusion	of	CH2Cl2/Et2O	(IIb,	IIIa)	or	from	a	CHCl3	solution	
(IVa)	(Figure	3.2).	The	solid	structures	determined	for	complexes	IIb	and	IVa	are	consistent	with	
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those	proposed	in	solution.	The	trimeric	structure	of	IIIa	was	unambiguously	confirmed	by	X‐ray	
diffraction.	As	for	IIIb,	the	dimeric	structure	was	proposed	according	to	the	structure	of	its	Pd	analog.	
In	all	cases,	the	SCS	ligand	forms	a	quasi‐perfect	square‐planar	pincer	complex	(SPtS	=	174‐178°)	and	
the	Pt	center	deviates	only	marginally	from	the	indenyl/indenediide	plane	(by	less	than	0.5	Å,	 in‐
plane	coordination).	In	line	with	the	very	similar	size	of	Pt	and	Pd	(covalent	radii	of	1.36	and	1.39	Å,	
respectively),23	 the	 geometric	 features	 of	 the	 Pt	 complexes	 are	 quasi‐identical	 to	 those	 of	 the	
corresponding	Pd	complexes.		
	
IIb	
	
IVa	
                                       	
IIIa	
Figure	3.2	Ellipsoid	drawings	of	the	molecular	structures	of	IIb,	IIIa	and	IVa	(H	atoms	of	the	three	
complexes	and	nBu4N+	group	of	IVa	are	omitted	for	clarity)		
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3.2.2	Evaluation	of	the	Catalytic	Activity	of	the	Pt	Complexes		
A	 rapid	 evaluation	 of	 the	 catalytic	 performances	 was	 first	 led	 on	 the	 cycloisomerization	 of	 5‐
hexynoic	acid	1a	to	discriminate	among	the	four	newly	developed	Pt	complexes	III‐IV	(Table	3.2).	
With	the	same	reaction	conditions	applied,	the	best	result	was	obtained	with	the	platinum	dimer	IIIb.	
Complete	conversion	was	achieved	within	3	h	at	50°C	in	chloroform	with	1	mol%	Pt	loading	(entry	
2),	which	represents	a	significant	improvement	over	the	related	Pd	dimer	III	(10	h	at	90°C	and	5	mol%	
Pd	were	required	in	this	case).	6‐exo	cyclization	was	identified	in	all	cases	by	1H	NMR,	denoted	in	
particular	by	a	set	of	two	multiplets	of	olefinic	H	observed	at	4.60	&	4.20	ppm	for	the	exocyclic	=CH2	
group	(see	experimental	part	of	chapter	2).	The	reaction	catalysed	by	the	trimeric	complex	IIIa	barely	
showed	activity	due	most	likely	to	its	poor	solubility,	and	only	a	trace	amount	of	the	target	lactone	
product	 was	 observed	 after	 3	 h.	 Cycloisomerization	 reactions	 catalysed	 by	 the	 two	 monomeric	
chloroplatinate	complexes	IVa,b	went	relatively	sluggish	(27%	and	44%	yield	respectively)	under	
such	conditions,	and	required	more	time,	or	higher	temperature.	Complex	IIIb	was	selected	for	the	
rest	of	the	study.		
Table	3.2	Evaluation	of	the	catalytic	performances	of	complexes	III‐IV.	
O
O
Cat. 1 mol% [Pt]
CDCl3, 50°C, 3h
OH
O
1a 2a
Pt
iPr2P PiPr2SS
Pt
PiPr2iPr2P
S S
IIIb
PR2R2P
S SPt
Cl
PPh2Ph2P
S SPt 3
IVa (R = Ph)
IVb (R = iPr)
NBu4
IIIa
 
Entry  Cat.  Conv. (%) 
1  IIIa  Trace 
2  IIIb  >99 
3  IVa  27 
4  IVb  44 
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With	 these	 results	 in	 hands,	 the	 two	dimeric	 complexes	 III	 and	 IIIb	were	 employed	 for	 direct	
comparison	of	 their	 catalytic	performance	 in	model	 cycloisomerization	 reactions,	 leading	 to	5/6‐
membered	lactones/lactams	(Table	3.3).	
Table	3.3	Evaluation	of	the	catalytic	properties	of	the	indenediide	Pt	complex	IIIb.	
	
Entry Sub. Cat. (mol% [M]) 
T 
(°C) t (h) Conv (%)b 
1 1a III (5) 90 10 >99 
2 IIIb (1) 
IIIb (0.05) 
50 3 97 
3 90 12 >99c 
4 1b III (5) 90 12 >99 (98) 
5 IIIb (5) 90 0.4 >99 
6 IIIb (2) 90 3 >99c 
7 IIIb (0.4) 90 18 >99d 
8 1c III (5) 25 0.5 >99 
9  IIIb (5) 25 0.5 >99 
10 1d III (5) 60 0.16 >99 (98) 
11  IIIb (5) 60 1 >99 (88) 
a)Catalytic	 reactions	 performed	 under	 argon	 atmosphere	 using	 0.1	 mmol	 of	 substrate	 (0.14	 M	 in	 CDCl3).	
b)Conversions	 were	 determined	 by	 1H	 NMR	 analysis.	 Isolated	 yields	 are	 given	 in	 brackets.	 c)Substrate	
concentration	of	2	M.	d)Substrate	concentration	of	0.83	M.	
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Compared	with	the	cyclization	of	1a	by	the	Pd	dimeric	complex	III	(99	%	conv.,	5%	cat.,	90	°C,	10	
h),	 the	 Pt	 dimeric	 complex	 IIIb	 demonstrated	 better	 catalytic	 performance	 by	 carrying	 out	 the	
reaction	under	relatively	milder	reaction	conditions,	namely	lower	catalyst	loading	with	only	1.0	mol%	
[Pt],	lower	temperature	at	50	°C	and	in	only	3	h	(entries	1	and	2).	In	addition,	the	catalyst	loading	can	
be	 lowered	 down	 to	 500	 ppm	 (0.05	 mol%	 [Pt]).	 Correspondingly,	 the	 temperature	 should	 be	
increased	 from	 50	 to	 90°C	 to	 accomplish	 the	 reaction	 in	 a	 reasonable	 time.	 To	 our	 delight,	 the	
performance	of	IIIb	was	without	detrimental	effect	at	such	low	loading,	leading	to	a	full	conversion	
within	12	h,	corresponding	to	turnover	number	(TON)	and	turnover	frequency	(TOF)	of	2000	and	
167	h–1,	respectively	(entry	3).	The	very	good	result	obtained	with	5‐hexynoic	acid	1a	encouraged	us	
to	test	the	cyclization	of	the	related	N‐tosyl	amide	1b	which	is	notoriously	more	challenging.	A	slight	
increase	 of	 the	 reaction	 temperature	 (from	50	 to	 90°C)	 enabled	 to	 achieve	 complete	 conversion	
within	25	min	with	IIIb	(5	mol%	of	Pt,	entry	5).	The	1H	NMR	spectrum	of	the	reaction	displayed	has	
also	two	signals	for	the	characteristic	olefinic	protons	of	the	exocyclic	=CH2	group	(δ	=	5.56	&	5.12	
ppm,	 see	 experimental	 part	 chapter	 2),	 consistent	 with	 6‐exo	 cyclization.	 Comparatively,	 the	
formation	of	the	alkylidene	lactam	2b	is	much	faster	(~	30	times)	with	IIIb	than	with	the	Pd	complex	
III	(which	required	12	h	of	reaction	under	the	same	conditions,	entry	4).	Given	the	very	high	activity	
of	 IIIb,	 the	 catalytic	 loading	 was	 again	 reduced.	 Using	 2,	 or	 even	 only	 0.4	 mol%	 of	 Pt,	 the	
cycloisomerization	smoothly	went	to	completion	within	3	and	18	h,	respectively	(entries	6	and	7),	
demonstrating	the	robustness	of	the	Pt	complex.		
Then,	a	similar	study	was	carried	out	for	the	formation	of	5‐membered	ring	products.	In	contrast	
with	what	was	observed	for	the	δ‐lactone	and	lactam	2a,b,	Pt	does	not	outperform	Pd	for	the	small	
ring	formation.	The	cyclization	of	pentynoic	acid	1c	proceeds	equally	well	with	IIIb	than	with	III	(30	
min	 at	 25°C,	 Table	 3.3,	 entries	 8	 and	 9)	 to	 form	 2a	 via	 5‐exo	 cyclization.	 Moreover,	 for	 the	
corresponding	N‐tosyl	amide	1b,	IIIb	demonstrated	a	lower	efficiency	compared	to	III	(1	h	vs	10	min	
at	60	°C,	entries	10	and	11).		
Although	the	Pt	complex	IIIb	behaved	differently	upon	the	formation	for	5‐membered	rings,	the	
results	obtained	for	the	formation	of	6‐membered	rings	permitted	us	to	be	optimist	concerning	its	
catalytic	performance	upon	more	challenging	substrates,	such	as	those	leading	to	medium‐size	rings,	
or	bearing	internal	alkynes.	
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3.2.3	Substrate	Scope:	Medium‐Size	Ring	Formation	
A	wide	array	of	substrates	aiming	to	form	more	challenging	medium‐size	rings	were	subsequently	
prepared	and	submitted	to	cyclization.	As	expected,	the	Pt	dimer	IIIb	proved	much	more	active	than	
its	Pd	analog	III	for	the	formation	of	7‐membered	rings	(Table	3.4).		
Table	3.4	Scope	of	the	cycloisomerization	by	indenediide	IIIb.	
a)Catalytic	reactions	performed	under	argon	atmosphere	using	0.1	mmol	of	substrate	(0.14	M	in	CDCl3)	and	catalyst	loading	of	1	and	5	mol%	
for	the	alkynoic	acids	and	the	N‐tosyl	alkynylamides,	respectively.	b)Conversions	were	determined	by	1H	NMR	analysis	with	mesitylene	as	
internal	 standard.	 Isolated	 yields	 are	 given	 in	 brackets.	 c)Substrate	 concentration	 of	 0.5	 M.	 d)Intermolecular	 addition	 products	 were	
detected	by	1H	NMR	in	the	crude	reaction	mixture.	e)Unidentified	products	(19%)	were	detected	by	1H	NMR	in	the	crude	reaction	mixture.	
f)Mixture	of	products.	g)Substrate	concentration	of	1	M.	h)Phthalic	anhydride	(57%)	was	detected	by	1H	NMR	in	the	crude	reaction	mixture.	
	
The	 first	 tests	were	performed	with	 the	simplest	 linear	substrates	1e	 and	1f.	Here,	 the	 flexible	
unsubstituted	 backbones	make	 the	 cyclization	more	 challenging.	 Using	 IIIb	 (1	mol%	 of	 [Pt]),	 6‐
heptynoic	acid	1e	was	completely	consumed	after	only	21	h	at	90°C.	The	corresponding	alkylidene	
‐lactone	2e	was	obtained	in	pure	form	and	very	good	yield	(84	%)	after	distillation.	The	structure	
was	confirmed	by	1H	NMR,	and	in	particular	7‐exo	cyclization	was	confirmed	by	the	olefinic	signals	
at	 δ	 4.75	 &	 4.64	 ppm	 attributed	 to	 the	 exocyclic	 =CH2	 group.	 A	 small	 amount	 (~12	 %)	 of	
intermolecular	 addition	 product	 was	 detected	 by	 1H	 NMR	 in	 the	 reaction	 crude,	 but	 it	 can	 be	
discarded	 by	 distillation.	 This	 outcome	 represents	 a	 significant	 improvement	 of	 the	 result	 we	
recently	reported	with	the	Pd	complex	III	(51%	isolated	yield	after	22	h	at	120°C	using	5	mol%	of	
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[Pd]),	which	was	at	that	time	the	most	efficient	system	to	cyclize	1e	into	2e.24‐27	The	Pt	complex	IIIb	
also	 gave	 excellent	 result	 in	 the	 cycloisomerization	 of	 the	N‐tosyl	 amide	1f.	 Full	 conversion	was	
achieved	in	22	h	at	90°C	using	5	mol%	of	Pt	(entry	2)	to	form	2f	via	7‐exo	cyclization	(from	m	signals	
on	1H	NMR	at	δ	=	5.44	&	5.28	ppm,	see	chapter	2).	Previously,	2f	was	obtained	only	in	moderate	yield	
(53%)	after	extremely	long	time	of	130	h	at	90°C	with	the	Pd	complex	III.	By	replacing	Pd	for	Pt,	the	
reaction	time	is	considerably	shortened	(by	~6	times)	and	pure	alkylidene	‐lactam	2f	was	isolated	
in	excellent	yield	(93%).	
To	illustrate	the	generality	of	the	Pt	complex	IIIb,	the	formation	of	other	7‐membered	rings	was	
then	 explored.	 The	 α‐substituted	 substrates	 1g,h	 were	 efficiently	 cyclized	 (entries	 3	 and	 4),	
demonstrating	the	compatibility	with	ester	groups.	For	2g,	two	signals	(δ	=	4.75	&	4.63	ppm)	were	
observed	in	the	1H	NMR,	nearly	at	the	same	range	as	for	2e,	consistent	with	7‐exo	cyclization.	Besides,	
formation	of	2g	was	accompanied	by	some	intermolecular	addition	(less	than	10%).	Note	that	only	
7	h	were	necessary	to	convert	1h	into	2h.	This	is	a	significant	speed	up,	when	compared	with	the	
parent	substrate	1f	(which	required	22	h	of	reaction),	which	may	be	attributed	to	Thorpe‐Ingold	
effect	as	previously	discussed	and	acidification	of	the	N‐tosyl	amide.	The	1H	NMR	spectrum	of	2h	
displays	two	sets	of	signals	(δ	=	5.52	&	5.40	ppm),	similar	to	that	of	its	non‐substituted	analogue.	X‐
ray	diffraction	study	of	2h	unambiguously	confirmed	its	exo	structure	(Figure	3.3)	and,	in	particular,	
the	formation	of	the	lactam	via	N‐attack.	
																																																																																			 	
Figure	3.3	X‐ray	structure	of	lactam	2h.	
Very	facile	and	rapid	reactions	were	also	observed	with	the	o‐benzoic	substrates	1i,j	(entry	5	and	
6).	Their	7‐exo	cyclizations	were	complete	within	only	30	min	/	1	h	at	90	°C.	 In	comparison,	 the	
cyclization	of	1i	with	the	Pd	indenediide	complex	III	required	9.5	h	to	reach	95%	conversion.	Again,	
1H	NMR	spectroscopy	shows	the	presence	of	=CH2	signals	consistent	with	exo	cyclization.	Moreover,	
X‐Ray	diffraction	study	was	performed	on	2j	 (figure	3.4),	unambiguously	confirming	 the	mode	of	
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cyclization	(7‐exo	vs	6‐endo	and	N	vs	O	attack).28‐31	Using	IIIb	as	catalyst,	the	ε	‐lactones	and	lactams	
2g‐j	were	readily	formed	and	isolated	in	good	to	excellent	yields	(57‐92%).	
																																																																																 	
Figure	3.4	X‐ray	structure	of	lactam	2j.	
The	very	good	results	obtained	with	7‐membered	rings	prompted	us	to	envision	then	the	formation	
of	8‐membered	lactones	and	lactams.	As	discussed	before,	the	formation	of	8‐membered	ring	would	
be	even	more	challenging	compare	to	the	preparation	of	7‐membered	ring.	Our	first	experiment	with	
linear	7‐octynoic	acid	to	form	a	8‐membered	ring	lactone	showed	that	instead	of	the	intramolecular	
cyclization,	 the	 intermolecular	 reaction	 leading	 to	 a	 mixture	 of	 oligomers	 was	 observed.32	 The	
corresponding	linear	alkynylamide	1k	was	then	tested	and	remained	unaffected	after	24	h	(entry	7).	
When	prolonging	the	reaction	time	for	7	days,	it	turned	out	to	be	complicated	and	messy	in	view	of	
1H	NMR	for	the	crude	with	around	30	%	of	consumption	of	the	starting	material,	and	finally	only	a	
small	amount	of	the	target	product	altogether	with	lots	of	side‐products.	
To	 favour	 the	 cyclization,	 the	 rigid	 substrates	 1l,m	 deriving	 from	 phthalic	 anhydride	 were	
prepared.	Gratifyingly,	 in	view	of	the	1H	NMR	spectrum,	the	characteristic	signals	of	olefinic	=CH2	
protons	(m,	4.69	ppm	&	m,	4.30	ppm)	were	clearly	observed.	The	8‐membered	lactone	2l	could	be	
prepared	in	43%	isolated	yield	(21	h	of	reaction	at	60	°C,	entry	8),	although	1l	concomitantly	converts	
back	 into	phthalic	anhydride	(retro‐acylation)	under	 these	conditions.	The	corresponding	N‐tosyl	
amide	1m	was	also	converted	by	IIIb	into	the	targeted	8‐membered	lactam.	In	the	1H	NMR	spectrum	
of	 the	 crude	 reaction,	 several	 sets	 of	 olefinic	 =CH2	 signals	 were	 observed	 in	 the	 same	 range	
preventing	the	identification	of	the	products.	Later	on,	by	conducting	a	fast	column	chromatography,	
following	with	the	prep‐HPLC,	two	pure	compounds	were	isolated	(86%	yield,	86:14	ratio,	entry	9).	
The	structures	of	both	products	were	elucidated	by	X‐ray	diffraction	studies.	Instead	of	the	targeted	
8‐membered	lactam,	two	spiro‐typed	structures	of	2m‐N‐spiro	and	2m‐O‐spiro	were	established	
(Figure	3.5).		
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Figure	3.5	X‐ray	structures	of	lactam	2m‐N‐spiro	and	lactone	2m‐O‐spiro.		
The	 formation	of	 two	spiro	compounds	from	1m	 turned	out	to	be	surprising	and	interesting.	 It	
apparently	results	 from	intramolecular	cascade	cyclizations.	A	tentative	mechanism	for	these	two	
spiro	compounds	is	described	as	follow	(Scheme	3.7).	For	the	formation	of	2m‐N‐spiro,	the	complex	
IIIb	first	reacts	with	1m,	by	deprotonation	of	its	N‐H	bond,	and	activation	of	its	triple	bond	via	π‐
coordination	to	Pt,	to	generate	the	intermediate.	Later,	it	undergoes	an	intramolecular	reaction.	The	
nucleophilic	 ‐NTs	 attacks	 the	 carbonyl	 of	 the	 ester,	which	 subsequently	 leads	 to	 the	nucleophilic	
attack	of	the	O	to	the	activated	alkyne.	Finally,	the	spiro	product	is	formed	with	regeneration	of	IIIb.	
A	 similar	 process	 is	 proposed	 for	 the	 formation	 of	2m‐O‐spiro,	 after	 an	 initial	migration	 of	 the	
propargyl	group	to	the	N	atom.	
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Scheme	3.7	Proposed	mechanisms	for	the	formation	of	2m‐N‐spiro	and	2m‐O‐spiro.	
	
As	 shown	above,	 although	 very	 efficient	 for	 ε‐lactones	 and	 lactams,	 the	Pt	 complex	 IIIb	 shows	
limitations	towards	8‐membered	rings	and	side‐reactions	prevail.	After	exploring	the	performance	
of	Pt	complex	regarding	the	medium‐size	ring	formation,	we	decided	to	further	study	its	performance	
towards	substrates	bearing	internal	alkynes.	 	
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3.2.4	Substrates	Bearing	Internal	Alkynes	
Carboxylic	 acids	 and	 N‐tosyl	 amides	 bearing	 internal	 alkynes	 are	 particularly	 challenging	
substrates	for	cycloisomerization	reactions,	in	terms	of	activity	as	well	as	exo/endo	selectivity.	Given	
the	efficiency	of	the	Pt	complex	IIIb	(and	superiority	over	the	Pd	complex	III)	in	the	formation	of	6	
and	7‐membered	rings,	we	were	eager	to	evaluate	its	behaviour	towards	substrates	raising	issues	of	
5‐exo/6‐endo	and	6‐exo/7‐endo	selectivity	(Table	3.5).		
Accordingly,	compounds	1n,o	were	cyclized	at	90°C	using	5	mol%	of	Pt	(entries	I	and	II).	In	both	
cases,	the	use	of	IIIb	spectacularly	shortened	the	reaction	time	(by	up	to	28	times)	compared	with	
III.	An	impressive	speed	up	is	also	observed	with	the	α‐substituted	substrates	1p,q	(by	up	to	18	times,	
entries	III	and	IV).	Complete	conversion	of	the	acid	1p	requires	only	5	min	with	IIIb	(vs	1.5	h	with	
III).	
Table	3.5	Cycloisomerization	of	1n‐s	bearing	internal	alkynes	catalyzed	by	Pt	Complex	IIIb.	
Entrya t (h) Conv (%)b
I
II
III
Substrate Product t (h) Conv (%)b
5 min >99
Entrya
V
Substrate Product
IV
18 6
4 >99 36 38
24 901 >99
exo/endo: 24/1
exo/endo: 1/4.9
OH
O 1n
O
O
OO
2nexo
2nendo
NHTs
O 1o
NTs
O
NTsO
2oexo
2oendo
OHE
O
Et
1p
E = CO2Me
O
O
E Et
EtOO
E
2pendo
2pexo
NHTsE
O
Et
1q
E = CO2Me
NTs
O
E Et
EtNTsO
E
2qendo
2qexo
1r
OH
O
Me
O
O
Me
2rexo
O
O2rendo
NHTs
O
Me
1s
NTs
O
Me
2sexo
NTs
O2sendo
exo/endo: 1/1.6
exo/endo: >1/99
exo/endo: >1/99
exo/endo: n.d.
VI
 
a)Catalytic reactions performed under argon atmosphere using 0.1 mmol of substrate (0.14 M in CDCl3) and catalyst loading of 1 and 5 mol% for 
the alkynoic acids and the N-tosyl alkynylamides, respectively. b)Conversions were determined by 1H NMR analysis with mesitylene as internal 
standard. Isolated yields are given in brackets. c)Substrate concentration of 0.5 M. d)Intermolecular addition products were detected by 1H NMR in 
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the crude reaction mixture. e)Unidentified products (19%) were detected by 1H NMR in the crude reaction mixture. f)Substrate concentration of 1 
M. g)Phthalic anhydride (57%) was detected by 1H NMR in the crude reaction mixture. 
Besides	remarkable	rate	enhancement,	replacing	Pd	for	Pt	also	influences	exo/endo	selectivity.	As	
glimpsed	previously	upon	cyclization	of	hexynoic	and	pentynoic	substrates	1a‐d,	the	Pt	complex	IIIb	
displays	 a	 noticeable	 preference	 over	 its	 Pd	 analog	 III	 for	 the	 formation	 of	 6‐membered	 rings.	
Accordingly,	the	6‐endo	cyclization	of	1n	was	slightly	predominant	with	Pt	(exo/endo	1:1.6)	while	
the	5‐exo	cyclization	was	favoured	with	Pd	(exo/endo	1.5:1),	as	deduced	from	the	relative	integration	
of	the	multiplet	olefinic	signals	at	5.21	ppm	(exo)	and	5.00	ppm	(endo)	in	the	1H	NMR	spectra.17	An	
increase	in	6‐endo	vs	5‐exo	selectivity	is	also	observed	with	the	α‐substituted	acid	1p	(from	1.2	with	
V,	to	4.9	with	IIIb,	entry	III)	as	deduced	from	the	relative	integration	of	the	tt	olefinic	signals	at	4.62	
ppm	 (exo)	 and	 5.02	 ppm	 (endo)	 in	 the	 1H	 NMR	 spectra.	 Gratifyingly,	 the	 corresponding	N‐tosyl	
amides	1o,q	 underwent	 exclusively	 6‐endo	 cyclization.	 From	 the	 1H	NMR,	 both	2o,q	 displayed	 a	
diagnostic	triplet	signal	as	described	in	the	previous	chapter,	at	5.45	ppm	&	5.60	ppm,	respectively,	
associated	to	the	endocyclic	olefinic	protons.	The	ensuing	alkylidene	δ‐lactams	2o,q	are	obtained	in	
pure	form	and	very	high	yields	(entries	II	and	IV).	In	addition,	the	molecular	structure	of	compound	
2q,	and	in	particular	N‐nucleophilic	attack	mode	was	unambiguously	confirmed	by	X‐ray	diffraction	
study	(Figure	3.6).		
																																																																																 	
Figure	3.6	X‐ray	structure	of	lactam	2q.		
The	ability	of	IIIb	to	form	efficiently	6	as	well	as	7‐membered	rings	is	unique	and	raises	the	issue	
of	6‐exo/7‐endo	selectivity.	To	try	to	answer	this	question,	we	studied	the	cyclization	of	two	types	of	
very	 challenging	 substrates:	 internal	 5‐alkynoic	 acids,	 that	 have	 been	 very	 rarely	 engaged	 in	
cycloisomerization	 so	 far,	 and	 their	 related	N‐tosyl	 amides,	 whose	 cyclisation	 is	 unprecedented.	
Accordingly,	prolonged	heating	of	5‐heptynoic	acid	1r	in	the	presence	of	IIIb	induced	cyclization,	and	
a	multiplet	signal	of	a	major	product	was	observed	at	4.56	ppm	with	the	signal	of	a	trace	amount	of	
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a	minor	one	at	5.20	ppm.	Although	the	conversion	remained	modest	(38%	after	36	h	at	90°C,	no	
reaction	at	all	was	detected	with	the	Pd	complex	III),	the	reaction	is	selective	for	6‐exo	cyclization	
and	the	δ‐lactone	2rexo	was	formed	in	24:1	ratio	with	respect	to	the	corresponding	ε‐lactone	2rendo	
(entry	V).	The	major	product	1r	was	characterized	by	comparison	with	the	literature.25	A	similar	test	
was	performed	with	 the	corresponding	N‐tosyl	amide	1s	(entry	VI).	The	Pt	complex	IIIb	 showed	
some	 activity	 but	 the	 conversion	 of	1s	was	 too	 low	 (6%	 after	 18	 h	 at	 90°C)	 to	 characterize	 the	
cyclization	products	and	evaluate	their	ratio.	
Comparing	the	performances	of	Pd	and	Pt	complexes,	the	Pt	dimer	demonstrates	overwhelming	
advantages	upon	 the	 substrate	 scope.	6‐	 and	7‐membered	 ring	 could	be	efficiently	obtained	 (full	
conversions)	as	well	as	high	selectivities	 for	6‐membered	substituted	rings	starting	from	internal	
alkynes.	Moreover,	the	Pt	complex	triggered	cyclization	of	substrates	bearing	internal	alkynes	that	
were	not	reactive	with	 the	Pd	catalyst,	even	 though	 in	some	cases	 the	conversions	were	not	 that	
promising	 so	 far.	 Furthermore,	 the	 complicated	 reaction	 mixture	 obtained	 for	 8‐member	 ring	
formation	 indicated	 that	 there	 are	 still	 some	 limitations	 of	 this	 complex	 system.	 The	 question	
whether	is	it	possible	or	not	to	increase	further	the	activity	of	current	system	prompted	us	for	deeper	
investigation,	in	particular	mechanistic	investigations.		
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3.2.5	Mechanistic	Study	
To	 substantiate	 the	 contribution	 of	 the	 indenediide	 ligand,	 the	 catalytic	 activity	 of	 IIIb	 was	
compared	 to	 these	 of	 its	 precursors,	 [PtCl2(ethylene)]2	 and	 of	 the	 indenyl	 derivative	 IIb.	 In	 the	
presence	of	[PtCl2(ethylene)]2,	the	alkylidene	lactone	2a	forms	but	rapidly	degrades	into	a	mixture	
of	unidentified	products.	In	the	case	of	the	alkynylamide	1b,	no	reaction	occurred	after	heating	for	
24	h	at	90°C	(Table	3.6).	As	for	the	indenyl	complex	IIb,	very	low	conversions	of	both	1a	and	1b	
(traces)	were	observed	even	after	prolonged	reaction	times	(24h).		
Table	3.6	Blank	reaction	on	the	cycloisomerization	of	1a	and	1b.	
	
Entry Sub.  [Sub]  Cat.  mol% [Pt] T (°C) t (h) Conv (%) 
1  1a  0.1  [PtCl2(ethylene)2] 1 25 5.5 mixture of unidentified products
3  1a  0.1  IIb  1 50 24 Traces 
4  1b  0.5  [PtCl2(ethylene)2] 5 90 24 n.r. 
5  1b  0.1  IIb  5 90 24 Traces 
 
In	 addition,	 the	 cyclizations	 of	1a,b	 catalysed	 by	 IIIb	were	monitored	 by	 31P	NMR:	 during	 the	
process,	the	clean	formation	of	a	indenyl	species	is	observed,	concomitantly	to	the	consumption	of	
IIIb,	and	the	indenediide	complex	IIIb	is	regenerated	at	the	end	of	the	reaction	(Figure	3.7	and	3.8).	
No	decomposition	of	IIIb	leading	to	the	free	ligand	(δ	=	71.5	&	61.9	ppm)	was	observed	at	the	end	of	
the	reaction.		
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Figure	3.7	31P	NMR	monitoring	of	the	cycloisomerization	of	5‐hexynoic	acid	1a	by	IIIb.	
	
	
Figure	3.8	31P	NMR	monitoring	of	the	cycloisomerization	of	N-tosyl hex-5-ynamide 1b by	IIIb.	
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Altogether,	 these	results	support	an	active	participation	of	 the	 indenediide	 ligand	(metal‐ligand	
cooperativity).	In	line	with	what	has	been	discussed	in	the	previous	chapter,	this	cooperation	very	
likely	takes	place	for	each	step	of	the	mechanism:	(i)	activation	of	the	acid/amide	pro‐nucleophile	by	
deprotonation	by	the	ligand	backbone	and	activation	of	the	CC	triple	bond	by	side‐one	coordination	
to	Pt,	(ii)	nucleophilic	attack	to	the	activated	alkyne,	and	(iii)	elimination	of	the	final	product	(see	
chapter	2,	section	2.6).		
As	disclosed	in	a	combined	theoretical	and	experimental	work	recently	reported	by	our	group,33	in	
addition	to	the	contribution	of	the	non‐innocent	ligand,	this	indenediide	pincer	catalyzed	reaction	
involves	the	participation	of	two	molecules	of	substrate,	one	of	them	acting	as	a	proton	shuttle	in	the	
three	different	steps	(Figure	3.9).	From	this	observation,	it	was	demonstrated	that	by	adding	an	H‐
bonding	additive,	the	cyclization	reaction	efficiency	could	be	remarkably	enhanced	both	in	terms	of	
activity	and	selectivity.	Since	 the	Pt	 system	very	 likely	acts	 in	 the	same	 fashion	as	 that	of	Pd,	we	
envisioned	that	the	previously	used	additives	can	also	be	beneficial	for	this	system.		
	
Figure	3.9	Proton	shuttling	mechanism	disclosed.	
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3.3	Additive	Impact	
3.3.1	Introduction	
The	pursuit	of	highly	efficient	catalytic	systems	is	of	constant	interest	for	all	chemists.	In	addition	
to	 arduously	 seeking	new	potential	 catalytic	 systems,	 the	 introduction	of	proper	 additives	 to	 the	
provisionally	well‐established	catalytic	systems	has	become	more	and	more	ubiquitous	and	proved	
efficient.34‐36	 Generally,	 the	 additives	 enhance	 reactions,	 by	 promoting	 the	 reactivity	 or/and	 the	
selectivity	 (including	 chemo‐,	 regio‐,	 diastereo‐,	 and	 enantioselectivity),	 or	 in	 some	 cases	 by	
modifying	the	reaction	pathway.	Among	the	numerous	additive‐assisted	reactions,	the	use	of	acids,	
alcohols,	and	even	water	is	quite	common.	One	of	the	main	roles	for	such	kind	of	additives	is	that	
they	may	function	as	a	proton	shuttle	in	the	reaction	process.		
				As	mentioned	above,	our	mechanistic	investigations	on	the	cycloisomerization	reactions	catalyzed	
by	indenediide	Pd	complexes	have	recently	pointed	out	the	importance	of	proton	shuttling.33	A	wide	
array	 of	 H‐bonding	 additives	 were	 investigated	 in	 the	 model	 cyclization	 of	 4‐pentynoic	 and	 5‐
hexynoic	acid	(Table	3.7).	Herein,	the	formal	Pd	dimeric	complex	III	was	employed.	
Table	3.7	Investigation	of	additives	effect	upon	cyclization	reactions.	
Cat. (0.2 mol% [Pd])
CDCl3, RT
O
O
OH
O
additive (30 mol%)
OH
O OH
O
OH
O
OH
O
S
O
O
OHH3C
O P O
O OH
OH OH
OH
OH
OH
OH
OHR
Carboxylic acids Stronger acids
a b
c d
e
f
g h i j
10 catechols
n n
n= 1, 2
Pd
iPr2P PiPr2SS
Pd
PiPr2iPr2P
S S
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The	 initial	 studies	 began	with	 aliphatic	 and	 aromatic	 carboxylic	 acids	 (a‐d),	which	 showed	 no	
obvious	effect.	Using	stronger	acids	such	as	methane	sulfonic	acid	and	diphenylphosphoric	acid	can	
even	 completely	 inhibited	 the	 reaction	 (e	 and	 f),	 probably	due	 to	protonation	of	 the	 indenediide	
backbone,	 giving	 inactive	 indenyl	 species.	 Subsequent	 studies	were	 focused	 on	 a	wide	 variety	 of	
alcohols,	 diols,	 and	 triols	with	 aliphatic	 and	 aromatic	 skeletons.	 Simple	 alcohols	have	 little	 or	no	
impact	 (g),	 while	 diols	 and	 triols	 were	 found	 to	 improve	 the	 conversion	 (h‐j),	 in	 particular	 the	
aromatic	ones.	The	most	efficient	additives	are	those	featuring	proximal	hydroxyl	groups,	to	ensure	
optimal	 proton	 transfer,	 especially	 the	 catechols	 (j).	 By	 adding	 the	 simple	 catechol	 (without	 any	
substituents),	the	cyclization	of	4‐pentynoic	acid	can	be	significantly	speeded	up,	requiring	only	30	
mins,	instead	of	5	h	without	additive.	In	parallel,	the	complete	cyclization	of	5‐hexynoic	acid	(which	
is	much	less	reactive)	can	again	be	achieved	in	30	mins	instead	of	10	h.	The	simplified	proton	transfer	
modes	can	be	illustrated	as	follows:	the	proton	transfer	may	involve	the	two	hydroxyl	groups	(proton	
shuttling	via	H‐bonding,	 Scheme	3.8	 a)	 or	only	one	 (Scheme	3.8	b,	 the	other	hydroxyl	 group	 can	
participate	in	adjacent	H‐bonding).	
 
Scheme	3.8	Schematic	representation	of	two	different	modes	of	proton	transfer	with	catechol.	
Similar	impact	of	catechol	has	been	observed	in	other’s	work	dealing	with	organocatalysis.	Rovis	
et	 al.	 investigated	 the	 asymmetric	 intermolecular	 Stetter	 reaction	 of	 enals	 with	 nitroalkenes	
catalyzed	by	chiral	N‐heterocyclic	carbene	(Table	3.8).		
	
	
	
	
	
	
Table	3.8	Effect	of	Brønsted	acid	additives	upon	Stetter	reaction	of	enals	with	nitroalkenes.	
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entry	 additive	 time	(h)	 yield	(%)	 ee	(%)	
1	 none	 8	 5	 93	
2	                 	 8	 8	 93	
3	 	 8	 15	 93	
4	 	 2	 80	 93	
5	 	 8	 9	 93	
	
In	the	absence	of	additive,	the	catalytic	system	displayed	low	activity,	with	only	a	trace	amount	of	
the	target	product	(8	h,	5	%	yield)	observed.	Optimizing	the	reaction	by	adding	1.0	equiv.	of	catechol,	
a	remarkable	increase	of	both	activity	and	isolated	yield	was	achieved	(2	h,	80	%	yield).	A	plausible	
mechanism	was	proposed	that	the	catechol	may	serve	as	a	proton	shuttle	to	assist	in	generating	the	
acyl	 anion	 through	 a	 synchronous	 transition	 state	 (Scheme	 3.9).	 And	 its	 general	 effect	 was	
demonstrated	by	the	similar	improvements	observed	in	the	other	substituted	substrates.	
 
Scheme	3.9	Proposed	mode	of	activation	with	catechol.	
130	
	
3.3.2	Evaluation	of	the	Additives	Impact	on	the	Efficiency	of	the	Pt	Pincer	Complex	
IIIb	
Given	the	distinct	impact	of	catechol	upon	the	cycloisomerization	observed	with	the	Pd	complex	
III,	3	potential	 catechol	 candidates	were	selected	 (Figure	3.10)	 to	 further	 improve	 the	scope	and	
efficiency	of	the	Pt	complex	IIIb.		
 
Figure	3.10	Potential	catechol	candidates.	
As	illustrated	in	table	3.9,	the	impact	of	these	additives	on	the	cycloisomerization	of	1s	as	a	model	
substrate	was	first	investigated.	As	a	reminder,	IIIb	alone	can	trigger	this	reaction,	but	ended	in	a	
very	poor	conversion	of	6	%	after	18	h.	Gratifyingly,	thank	to	these	additives,	this	substrate	can	be	
efficiently	 cyclized	 for	 the	 first	 time.	 In	 the	 presence	 of	 4‐nitrocatechol,	 the	 cyclization	 was	
remarkably	accelerated	and	in	only	6	h,	a	complete	conversion	was	achieved	(Table	3.9,	entry	2).	A	
mixture	with	6‐exo/	7‐endo	ratios	at	58/42.	Meanwhile,	a	slightly	longer	time	of	18	h	was	required	
by	treatment	of	pyrogallol,	but	the	ratio	between	6‐exo/7‐endo	selectively	shifted	to	68/32	(entry	3).	
With	 tetrachlorocatechol,	 the	reaction	gave	a	 full	conversion	with	53/47	of	6‐exo/7‐endo	 in	15	h	
(entry	4).		
	
	
	
	
	
	
	
	
131	
	
	
Table	3.9	Additive	impact	upon	the	cycloisomerization	of	1s.	
 
Entry  Additive  Time (h)  Conv. (%)  Exo/endo 
1  none  18  6  n.d. 
2 
 
6  99  58/42 
3 
 
18  99  68/32 
4 
 
15  99  53/47 
	
The	6‐exo/7‐endo	ration	was	determined	from	the	relative	integration	of	the	signals	associated	to	
the	exo	and	endo	olefinic	protons	(q	at	5.69	ppm	and	t	at	5.88	ppm,	respectively).	The	structures	of	
both	 6‐exo	 and	 7‐endo	 products	 were	 fully	 characterized	 by	 1H	 &	 13C	 NMR	 spectra,	 and	 later	
unambiguously	confirmed	by	X‐ray	diffractions	(Figure	3.11).	
									 																								 	
Figure	3.11	X‐ray	diffraction	of	2sexo	(left)	and	2sendo	(right).	
After	 this	 first	 success,	 we	 decided	 to	 tempt	 a	 challenging	 linear	 amide	 in	 order	 to	 form	 a	 8‐
membered	 ring	 lactam.	The	 alkynyl	 amide	1t	 derived	 from	succinic	 anhydride	was	 subsequently	
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tested	(Scheme	3.10).	However,	with	or	without	these	additives,	all	the	experiments	turned	out	to	be	
complicated	 and	 messy.	 So,	 8‐membered	 ring	 lactams	 remain	 non	 achieved	 target	 even	 in	 the	
presence	of	additives.	
 
Scheme	3.10	Additive	Impact	on	the	Cycloisomerization	of	1t	for	8‐member	ring	lactam.	
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3.3.3	Pyrogallol	Impact	upon	Internal	Substrates	
The	influence	of	pyrogallol	(1,2,3‐benzenetriol,	chosen	as	the	best	comprise	in	terms	of	activity	and	
solubility)	was	 then	 extensively	 studied	on	 the	 cyclization	of	 substrates	bearing	 internal	 alkynes	
(Table	3.10).		
Table	3.10	Cycloisomerization	of	substrates	1m‐r	bearing	internal	alkynes	by	IIIb.
Entrya t (h) Yield (%)b
I
II
III
Substrate Products exo/endo
5 min >99
exo/endo
V
t (h) Yield (%)b
IV
18 6
4 >99
36 38
24 90
1 >99OH
O 1m
O
O OO2mexo 2mendo
NHTs
O 1n
NTs
O NTsO2nexo 2nendo
OHE
O
Et
1o
E = CO2Me
O
O
E Et
EtOO
E
2oendo2oexo
NHTsE
O
Et
1p
E = CO2Me
NTs
O
E Et
EtNTsO
E
2pendo2pexo
1q
OH
O
Me
O
O
Me
2qexo
O
O2qendo
NHTs
O
Me
1r
NTs
O
Me
2rexo
NTs
O2rendo
VI
1/1.6
>1/99
1/4.9
>1/99
24/1
n.d.
Without additive With Pyrogallol
1/4.30.5 >99 (99)
1/245 min >99
>1/99<2 >99 (78)
32.3/16 >85c
2.1/118 >99 (91)
1/35 min >99
	
a)Catalytic reactions performed under argon atmosphere using 0.1 mmol of substrate (0.14 M in CDCl3), 5 mol% of Pt and 0 / 30 mol% of pyrogallol 
at 90°C. b)Yields were determined by 1H NMR analysis with mesitylene as internal standard.  Isolated yields are given in brackets. c)15% of ethyl 
ketone side-product (5-oxo-heptynoic acid) 
Accordingly,	 the	 addition	 of	 30	 mol%	 of	 pyrogallol	 was	 found	 to	 spectacularly	 speed	 up	 the	
cyclization	of	1n‐q	(by	up	to	12	times,	entries	I’‐IV’).	The	corresponding	δ‐lactones	and	lactams	are	
obtained	in	high,	often	improved	selectivities	with	5‐exo/6‐endo	ratios	ranging	from	1:3	to	>1:99.	
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The	H‐bond	donor	additive	also	proved	very	beneficial	to	the	cyclization	of	5‐alkynoic	derivatives.	
The	carboxylic	acid	1r	was	fully	converted	in	less	than	2	h	(entry	V’)	and	the	δ‐lactone	Z‐2rexo	was	
obtained	with	excellent	selectivity	(6‐exo/7‐endo	32:1,	only	the	Z	isomer	is	detected).	Once	again,	Pt	
is	remarkably	more	active	than	Pd,	IIIb	achieving	full	conversion	30	times	faster	than	V	in	the	same	
conditions.19	 In	 addition,	 cyclization	 occurs	 selectively,	 while	 30%	 of	 the	 methyl	 ketone	
corresponding	to	the	hydration	of	1r	was	observed	with	V.	Finally,	as	mentioned	above,	the	result	
obtained	with	the	corresponding	N‐tosyl	amide	1s	is	even	more	striking.	While	no	conversion	was	
observed	with	V,	full	conversion	is	observed	in	18h	with	IIIb	and	pyrogallol.	
Pt	complex	 IIIb	demonstrates	 further	enhanced	performance	especially	upon	 these	challenging	
substrates	 bearing	 internal	 alkynes.	 However,	 it	 still	 revealed	 its	 limitations	 upon	 cyclization	 of	
substrates	of	longer	chain,	targeting	for	larger	rings	(≥8),	as	well	as	some	internal	ones.	
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3.4	Conclusion	
In	summary,	 the	Pt	pincer	complex	 IIIb	was	 found	 to	complete	and	outperform	the	related	Pd	
complex	 III	 in	 the	 catalytic	 cycloisomerization	 of	 alkynoic	 acids	 and	 N‐tosyl	 alkynylamides.	 In	
particular,	Pt	complex	is	very	efficient	for	the	formation	of	6	and	7‐membered	rings.	The	reaction	
rate	and	the	selectivity	for	6‐endo	(vs	5‐exo)	as	well	as	6‐exo	(vs	7‐endo)	cyclizations	is	significantly	
improved	by	using	pyrogallol	as	H‐bond	donor	additive.	For	the	first	time,	a	large	variety	of		and	‐
lactones/lactams	could	be	prepared	with	high	selectivities	and	in	very	good	yields.	
These	results	emphasize	the	unique	properties	of	SCS	indenediide	pincer	complexes	and	extend	
further	 their	 catalytic	 applications.	 Future	 work	 will	 seek	 to	 increase	 the	 non‐innocent	 of	 the	
indenediide	pincer	ligand,	in	order	not	only	to	overcome	limitations	revealed	in	this	work	but	also	to	
achieve	 activation	 of	more	 challenging	 substrates	 as	 alcohols	 and	 alkenes,	 enlarging	 thereby	 the	
scope	of	transformations	in	which	these	complexes	can	be	performed.	
In	addition,	this	efficient	preparation	of	ε‐alkylidene	lactones	gives	access	to	the	preparation	of	
substituted	ε‐lactones,	which	are	typical	monomers	for	the	construction	of	biodegradable	polyesters	
via	ring	opening	polymerization	(ROP).	After	readily	scaling	up	the	reaction	to	multi‐gram‐level,	we	
plan	in	the	near	future	to	take	advantage	of	the	ε‐alkylidene	lactones	to	prepare	such	monomers	via	
derivatization	of	 the	exocyclic	double	bond,	either	by	hydrogenation,	or	by	addition	 reaction	 like	
thiol‐ene	reaction.	Subsequent	polymerization	of	these	lactones	with	ε‐caprolactone	will	lead	to	the	
preparation	of	polyesters	of	modulated	properties,	thanks	to	the	introduction	of	the	lateral	functional	
group	along	the	polymer	chain.		
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3.5	Experiment	Part	
All	reactions	and	manipulations	were	carried	out	under	an	atmosphere	of	dry	argon	using	
standard	Schlenk	techniques.	Dry	oxygen–free	solvents	were	employed.	All	organic	reagents,	
including	substrates	1a,c,e,	were	obtained	from	commercial	sources.	Substrates	1b,	1d,	1f,	
1i,	 1m‐o	 and	 1q	 were	 prepared	 following	 the	 literature	 procedures.S1‐3	 31P,	 1H	 and	 13C	
spectra	were	recorded	on	Bruker	Avance	300,	400	and	500.	Chemical	shifts	are	expressed	
with	a	positive	sign,	in	parts	per	million,	relative	to	external	85%	H3PO4	and	Me4Si.	Unless	
otherwise	stated,	NMR	spectra	were	recorded	at	293	K.		
	
3.5.1	Synthesis	of	Complexes	II‐IV	
 
	
Synthesis	of	 {PtCl[(Ph2P=S)2(C9H5)]}	 (IIa):	1,3‐(Ph2P=S)2(C9H6)	 (440	mg,	 1.2	 equiv.,0.8	
mmol)	and	[Pt(CH2CH2)2Cl2]	(214	mg,	0.5	equiv.,0.36	mmol)	were	suspended	in	15	mL	of	
toluene	and	stirred	at	100°C	for	20	hrs.	A	white	yellowish	precipitate	appeared,	the	yellow	
mother‐liquor	was	discarded	and	the	white	yellowish	precipitate	was	washed	with	diethyl	
ether	(2	x	20	mL).	After	drying	under	vacuum	the	complex	was	obtained	as	a	white	yellow	
powder	 (480	 mg,	 yield	 85%).	 M.p.	 345.0	 –	 345.9	 °C.	 	 31P{1H}–NMR	 (CDCl3	 +		
DMSO‐d6):	δppm	56.8	(s,	satellites		JPPt	=	81.0	Hz)	and	52.0	(s,	slightly	broad).	1H{31P}–NMR	
(CDCl3	+	DMSO‐d6):	δppm	7.88	–	7.02	(m,	24H,	Ph,	H5,	H6,	H8,	H7),	4.96	(s,	1H,	H1).	1H–NMR	
(CDCl3	+	DMSO‐d6):	δppm	7.88	–	7.02	(m,	24H,	Ph,	H5,	H6,	H8,	H7),	4.96	(dd,	2JHP	=	25.0	Hz,	4JHP	
=	5.0	Hz,	1H,	H1).	13C{1H}–NMR	(CDCl3	+	DMSO‐d6):	δppm	171.2	(dd,	2JCP	=	27.6	Hz,	2JCP	=	6.3	
Hz,	C2),	147.2	(dd,	2JCP	=	17.6	Hz,	3JCP	=	5.0	Hz,	C4),	138.8	(dd,	2JCP	=	6.3	Hz,	3JCP	=	2.5	Hz,	C9),	
138.2	(dd,	1JCP	=	108.1	Hz,	3JCP	=	7.5	Hz,	C3),	133.9,	133.3,	132.9,	132.6,	132.5,	131.5,	131.4,	
129.8,	129.7,	129.2,	129.0,	(s,	Ph),	128.1	(s,	C6),	127.0,	126.4,	125.4,	125.0	(s,	Ph),	124.1	(s,	
C7),	123.6	(s,	C5),	118.1	(s,	C8),	70.2	(dd,	1JCP	=	55.3	Hz,	3JCP	=	16.3	Hz,	C1).	MS	(ESI):	m/z	[M]+	
Calcd:	777.0,	Found:	777.0.	Anal	Calcd	for	C33H25ClP2PtS2:	C,	50.93;	H,	3.24;	S,	8.24.	Found:	
C,	50.84;	H,	2.96.	
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Synthesis	of	 {PtCl[(iPr2P=S)2(C9H5)]}	 (IIb):	1,3‐(iPr2P=S)2(C9H6)	 (590	mg,	 1.2	 equiv.,1.4	
mmol)	 and	 [Pt(CH2CH2)2Cl2]	 (350	mg,	 0.5	 equiv.,0.6	mmol)	were	 suspended	 in	 15	mL	of	
toluene	 and	 was	 stirred	 at	 100°C	 for	 20	 hrs.	 A	 brown	 precipitate	 appeared,	 the	 red		
mother‐liquor	was	discarded	and	the	brown	precipitate	was	washed	with	diethyl	ether	(2	x	
20	mL).	After	drying	under	vacuum	the	complex	was	obtained	as	a	brown	powder	(660	mg,	
yield	 85%).	 The	 precipitate	was	 recrystallized	 by	 slow	 diffusion	 of	 CH2Cl2/diethyl	 ether	
affording	 yellow	 crystals	 suitable	 for	 X‐ray	 diffraction	 analysis.	M.p.	 205.4	 –	 209.8	 °C.		
31P{1H}–NMR	 (CD2Cl2):	δppm	85.9	 (s,	 satellites,	 JPPt	=	66.8	Hz)	and	84.9	 (s,	 slightly	broad).	
1H{31P}–NMR	(CD2Cl2):	δppm	7.32	(d,	3JHH	=	6.0	Hz,	1H,	H5),	7.20	(m,	2H,	H6,	H8),	7.10	(t,	3JHH	
=	6.0,	1H,	H7),	4.05	(s,	1H,	H1),	2.87	(sep,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	2.61	(m,	2H,	CH(CH3)2),	
2.04	(sep,	3JHH	=	6.0	Hz,	1H,	CH(CH3)2),	1.54	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	1.39	(d,	3JHH	=	6.0	
Hz,	3H,	CH(CH3)2),	1.35	(d,	3JHH	=	6.0	Hz,	3H,	CH(CH3)2),	1.22	(m,	6H,	CH(CH3)2),	1.11	(d,	3JHH	
=	 6.0	Hz,	 3H,	 CH(CH3)2),	 0.99	 (d,	 3JHH	=	 6.0	Hz,	 3H,	 CH(CH3)2),	 0.95	 (d,	 3JHH	=	 6.0	Hz,	 3H,	
CH(CH3)2).	1H–NMR	(CDCl3):	δppm	7.43	(m,	1H,	H5),	7.34	(m,	2H,	H6,	H8),	7.22	(m,	1H,	H7),	
4.17	(d,	2JHP	=	25.0	Hz,	1H,	H1),	2.97	(m,	1H	CH(CH3)2),	2.75	(m,	2H	CH(CH3)2),	2.16	(m,	1H	
CH(CH3)2),	1.67	(dd,	3JHP	=	15.0	Hz,	4JHP	=	5.0	Hz	3H,	CH(CH3)2),	1.49	(m,	6H,	CH(CH3)2),	1.35	
(m,	 6H,	 CH(CH3)2),	 1.16	 (dd,	 3JHP	 =	 15.0	 Hz,	 3JHH	 =	 5.0	 Hz,	 3H,	 CH(CH3)2),	 1.09	 (m,	 6H,	
CH(CH3)2).	13C{1H,	31P}–NMR	(CDCl3):	δppm	176.6	(s,	satellites	JCPt	=	1040	Hz,	C2),	147.1	(s,	
satellites		JCPt	=	71.7	Hz,	C4),	138.7	(s,	satellites	JCPt	=	42.8	Hz,	C3),	133.3	(s,	satellites	JCPt	=	
147.1	Hz,	C9),	128.8	(s,	C6),	124.4	(s,	C7),	123.4	(s,	C5),	118.6	(s,	C8),	67.6	(s,	satellites	JCPt	=	
154.7	Hz	C1),	28.0	(s,	CH(CH3)2),	27.7	(s,	CH(CH3)2),	26.2	(s,	satellites	JCPt	=	20.1	Hz,	CH(CH3)2),	
24.0	 (s,	 satellites	 JCPt	=	32.7	Hz,	CH(CH3)2),	17.6	 (s,	CH(CH3)2),	17.2	 (s,	CH(CH3)2),	17.1	 (s,	
CH(CH3)2),	17.0	(s,	CH(CH3)2),	16.8	(s,	CH(CH3)2),	16.6	(s,	CH(CH3)2),	16.1	(s,	CH(CH3)2),	16.0	
(s,	 CH(CH3)2).	 MS	 (ESI):	 m/z	 [M	 –	 Cl]+	 Calcd:	 606.1,	 Found:	 606.1.	 Anal	 Calcd	 for	
C21H33P2PtS2:	C,	39.28;	H,	5.18.	Found:	C,	39.18;	H,	4.91.	
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Synthesis	 of	 the	 trimeric	 complex	 {Pt[(Ph2P=S)2(C9H4)]}3	 (IIIa):	 A	 suspension	 of	
{PtCl[(Ph2P=S)2(C9H5)]}	(200	mg,	1	equiv.,	0.25	mmol)	and	sodium	acetate	(84	mg,	4	equiv.,	
1.00	mmol)	in	10	mL	of	CHCl3	was	stirred	at	90°C	for	12	hrs.	The	original	colourless	solution	
becomes	yellow	with	abundant	yellow	precipitate.	The	reaction	mixture	was	concentrated	
by	slow	evaporation.	The	complex	precipitates	 from	the	mother‐liquor	as	yellow	crystals	
suitable	for	X‐ray	diffraction	analysis.	The	precipitate	was	recovered	from	the	mother‐liquor	
and	washed	with	methanol	(144	mg,	yield	78%).	M.p.	(decomposition)	320	°C.	31P{1H}–NMR	
(CD2Cl2):	δppm	46.1	(d,	broad,	J	=	6.0),	42.8	(s,	broad),	38.4	(s,	broad),	29.4	(d,	broad,	J	=	4.9).	
1H–NMR	 (CD2Cl2):	δppm	7.87	(m,	broad,	4H,	Ph),	7.66	–	7.20	(m,	broad,	16H,	Ph),	6.81	(m,	
broad,	2H,	H8	and	H5),	6.53	(m,	2H,	H7	and	H6).	MS	(ESI):	m/z	[M3]+	Calcd:	2225.2,	Found:	
2252.2,	[M2]+	Calcd:	1484.1,	Found:	1484.1,	[M]+	Calcd:	742.1,	Found:	742.1.	Anal	Calcd	for	
C99H72P6Pt3S6:	C,	53.44;	H,	3.26;	S,	8.65.	Found:	C,	51.23;	H,	3.29,	S,	7.91.	
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Synthesis	 of	 the	 dimeric	 complex	 {Pt[(iPr2P=S)2(C9H4)]}2	 (IIIb):	 A	 suspension	 of	
{PtCl[(iPr2P=S)2(C9H5)]}	(200	mg,	1	equiv.,	0.31	mmol)	and	sodium	acetate	(102	mg,	4	equiv.,	
1.24	mmol)	in	10	mL	of	toluene	was	stirred	at	90°C	for	1	hrs.	The	original	colourless	solution	
becomes	 yellow;	 the	 reaction	 mixture	 was	 poured	 over	 a	 pad	 of	 celite	 and	 eluted	 with	
toluene	affording	a	yellow	fraction.	This	fraction	was	collected	and	evaporated	until	dryness.	
The	residue	was	precipitated	with	15	mL	of	pentane	rendering	the	pure	dimmer	like	a	yellow	
powder	(165	mg,	yield	87%).	M.p.	292.2	–	294.0	°C.	31P{1H}–NMR	(CDCl3):	δppm	79.8	and	
68.9	(s,	satellites	 JPPt	=	47.0).	1H{31P}–NMR	(CDCl3):	δppm	7.38	(m,	broad,	1H,	H8	and	H5),	
7.31	(m,	broad,	1H,	H5),	6.88	(m,	2H,	H7	and	H6),	3.10	(sept,	3JHH	=	5.0	Hz,	2H,	CH(CH3)2),	
2.69	(sept,	3JHH	=	5.0	Hz,	2H,	CH(CH3)2),	1.57	(d,	3JHH	=	5.0	Hz,	6H,	CH(CH3)2),	1.35	(d,3JHH	=	5.0	
Hz,	6H,	CH(CH3)2),	1.32	(d,3JHH	=	5.0	Hz,	6H,	CH(CH3)2),	1.26	(d,3JHH	=	5.0	Hz,	6H,	CH(CH3)2).	
1H–NMR	(CDCl3):	δppm	7.38	(m,	broad,	1H,	H8),	7.32	(m,	broad,	1H,	H5),	6.88	(m,	2H,	H7	and	
H6),	3.10	(dddd,	2JHP	=	20.0,	3JHH	=	5.0	Hz,	2H,	CH(CH3)2),	2.69	(dddd,	2JHP	=	20.0,	3JHH	=	5.0	Hz,	
2H,	CH(CH3)2),	1.57	(dd,	3JHP	=	20.0	Hz,	3JHH	=	5.0	Hz,	6H,	CH(CH3)2),	1.34	(m,	12H,	CH(CH3)2),	
1.26	(dd,	3JHP	=	20.0	Hz,	3JHH	=	5.0	Hz,	6H,	CH(CH3)2).	13C{1H,	31P}–NMR	(CD2Cl2):	δppm	160.5	
(s,	C2),	138.2	(s,	C4),	137.8	(s,	C9),	117.3	(s,	C8),	117.3	(s,	C5),	117.2	(s,	C7),	116.6	(s,	C6),	
97.8	(s,	C3),	92.4	(s,	C1),	27.6,	and	26.4	(s,	broad,	CH(CH3)2),	17.15,	17.1,	16.6	and	16.3	(s,	
CH(CH3)2).	MS	(ESI):	m/z	[M2]+	Calcd:	1211.2,	Found:	1211.2.	Anal	Calcd	for	C42H64P4Pt2S4:	
C,	41.58;	H,	5.48.	Found:	C,	42.30;	H,	5.23.		
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Synthesis	of	[N(n‐Bu)4]{PtCl[(Ph2P=S)2(C9H4)]}	(IVa):	{PtCl[(Ph2P=S)2(C9H5)]}	(440	mg,	
1.0	equiv.,	0.56	mmol),	PS‐DIEA	(376	mg,	2	equiv.,	1.13	mmol)	and	[N(n‐Bu)4]Cl	(188	mg,	1.2	
equiv.,	0.67	mmol)	were	suspended	in	15	mL	of	CH2Cl2	and	stirred	at	room	temperature	for	
20	hrs.	The	original	colorless	solution	becomes	yellow,	the	reaction	mixture	was	filtrated	via	
cannula,	and	the	mother‐liquor	was	concentrated	at	c.a.	4	mL.	Under	vigorous	stirring	were	
added	60	mL	of	diethyl	ether.	A	yellow	precipitate	appears.	The	mother‐liquor	was	discarded	
and	the	precipitate	was	dried	under	vacuum	yielding	a	yellow	powder	(506	mg,	yield	88%).	
The	precipitate	was	recrystallized	by	slow	diffusion	of	CH2Cl2/diethyl	ether	affording	yellow	
crystals	suitable	for	X‐ray	diffraction	analysis.	M.p.	260.2	–	263.9	°C.	31P{1H}–NMR	(CD2Cl2):	
δppm	 45.9	 (s,	 satellites	 JPPt	 =	 45.0	 Hz).		
1H–NMR	(CD2Cl2):	δppm	7.89	(m,	8H,	Ph),	7.48	(m,	12H,	Ph),	7.10	(m,	2H,	H8	and	H5),	6.10	(m,	
2H,	H7	and	H6),	3.16	(m,	8H,	(CH2)3CH3),	1.48	(m,	8H,	(CH2)3CH3),	1.30	(sex,	3JHH	=	6.0	Hz,	8H,	
(CH2)3CH3),	0.86	(t,	3JHH	=	6.0	Hz,	12H,	(CH2)3CH3).	13C{1H}–NMR	(CD2Cl2):	δppm	158.2	(t,	2JCP	
=	58.0	Hz,	C2),	139.2	(t,	2JCP	=	31.7	Hz,	C4	and	C9),	134.5	(s,	Ph),	133.4	(s,	Ph),	132.0	(m,	Ph),	
131.2	(s,	Ph),	128.4,	(m,	Ph),	117.3	(s,	C8	and	C5),	115.8	(s,	C7	and	C6),	102.2	(dd,	1JCP	=	129.8	
Hz,	3JCP	=	16.6	Hz,	C3	and	C1),	58.7	(s,	(CH2)3CH3),	24.0	(s,	(CH2)3CH3),	19.6	(s,	(CH2)3CH3),	
13.4	(s,	(CH2)3CH3).	MS	(ESI):	m/z	[M	–	N(n‐Bu)4]‐	Calcd:	777.0,	Found:	777.0.	Anal	Calcd	
for	C49H60ClNP2PtS2:	C,	57.72;	H,	5.93;	N,	1.37.	Found:	C,	57.45;	H,	5.49;	N,	1.24.	
	
	
	
	
	
141	
	
	
Synthesis	 of	 [N(n‐Bu)4]{PtCl[(iPr2P=S)2(C9H4)]}	 (IVb):	 A	 solution	 of	
{PdCl[(iPr2P=S)2(C9H5)]}	(200	mg,	1.0	equiv.,	0.31	mmol),	potassium	tert‐butoxide	(35	mg,	
1.0	equiv.,	0.31	mmol),	PS‐DIEA	(103	mg,	1.0	eq,	0.31	mmol)	and	[N(n‐Bu)4]Cl	(104	mg,	1.2	
equiv.,	 0.37	mmol)	 in	 10	mL	 of	 CH2Cl2	was	 stirred	 at	 room	 temperature	 for	 20	 hrs.	 The	
original	clear	brown	solution	becomes	dark	brown,	the	reaction	mixture	was	filtrated	via	
cannula,	and	the	mother‐liquor	was	concentrated	at	c.a.	3	mL.	Under	vigorous	stirring	were	
added	60	mL	of	diethyl	ether.	A	brown	precipitate	appears.	The	mother‐liquor	was	discarded	
and	the	precipitate	was	dried	under	vacuum	yielding	a	brown	powder	(230	mg,	yield	84%).	
The	precipitate	was	recrystallized	by	slow	diffusion	of	CH2Cl2/diethyl	ether	affording	brown	
crystals.	In	solution,	at	room	temperature	the	new	complex	is	in	equilibrium	with	the	dimeric	
specie.		This	equilibrium	slowly	shifts	to	the	dimeric	species	(monomer/dimer	1.0:3.0	after	
20h).	M.p.	210.6	–	215.4	°C.	31P{1H}–NMR	(CDCl3):	δppm	75.4	(s).	1H{31P}–NMR	(CDCl3):	δppm	
7.27	(m,	broad,	2H,	H8	and	H5),	6.71	(m,	broad,	2H,	H7	and	H6),	3.40	(m,	8H,	(CH2)3CH3),	
2.60	 (sep,	 3JHH	 =	 10.0,	 4H,	 CH(CH3)2),	 1.67	 (m,	 8H,	 (CH2)3CH3),	 1.53	 (d,	 3JHH	 =	 10.0,	 3H,	
CH(CH3)2),	1.43	(sex,	3JHH	=	10.0	Hz,	8H,	(CH2)3CH3),	1.30	(d,	3JHH	=	10.0	Hz,	3H,	CH(CH3)2),	
1.27	(d,	3JHH	=	10.0	Hz,	3H,	CH(CH3)2),	1.23	(d,	3JHH	=	10.0	Hz,	6H,	CH(CH3)2),	1.23	(d,	3JHH	=	
10.0	Hz,	3H,	CH(CH3)2),	1.19	(d,	3JHH	=	10.0	Hz,	6H,	CH(CH3)2),	0.95	(t,	3JHH	=	10.0	Hz,	12H,	
(CH2)3CH3).	1H–NMR	(CDCl3):	δppm	7.27	(m,	2H,	H8	and	H5),	6.74	(m,	2H,	H7	and	H6),	3.40	
(m,	 8H,	 (CH2)3CH3),	 2.58	 (dddd,	 2JHP	 =	 25.0,	 3JHH	 =	 10.0	 Hz,	 4H,	 CH(CH3)2),	 1.67	 (m,	 8H,	
(CH2)3CH3),	1.43	(sex,	3JHH	=	10.0	Hz,	8H,	(CH2)3CH3),	1.31	(dd,	3JHP	=	20.0	Hz,	3JHH	=	10.0	Hz,	
12H,	CH(CH3)2),	1.22	(dd,	3JHP	=	20.0	Hz,	3JHH	=	10.0	Hz,	12H,	CH(CH3)2),	0.96	(t,	3JHH	=	10.0	Hz,	
12H,	(CH2)3CH3).	13C{1H,	31P}–NMR	(CDCl3):	δppm	159.4	(s,	C2),	138.4	(s,	C4	and	C9),	115.9	(s,	
C8	and	C5),	115.5	(s,	C7	and	C6),	97.5	(s,		C3	and	C1),	58.9	(s,	(CH2)3CH3),	27.8	(s,	CH(CH3)2),	
24.3	 (s,	 (CH2)3CH3),	 19.8	 (s,	 (CH2)3CH3),	 17.3	 (s,	 CH(CH3)2),	 16.4	 (s,	 CH(CH3)2),	 13.8	 (s,	
(CH2)3CH3).	MS	(ESI):	m/z	[M]+	Calcd:	884.4,	Found:	884.4,	[M	–	Cl	–	N(n‐Bu)4]+	Calcd:	606.1,	
Found:	606.1.	Anal	Calcd	for	C37H68ClNP2PdS2:	C,	50.30;	H,	7.76;	N,	1.59.	Found:	C,	49.83;	H,	
7.74;	N,	1.56.	
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3.5.2	Synthesis	of	Amide	and	Acid	Substrates	
	
	
	
Dibenzyl	2‐(pent‐4‐yn‐1‐yl)malonate.	Dibenzyl	malonate	(5.72	g,	1.2	equiv.,	20.0	mmol)	
was	added	dropwise	to	a	suspension	of	NaH	(0.60	g,	1.5	equiv.,	25.1	mmol)	in	THF	(40	mL)	
at	 0°C.	 The	 suspention	was	 stirred	 at	 room	 temperature	 for	 30	minutes	 and	 then	 under	
vigorous	 stirring	 the	 4‐pentyn‐1‐yl	 tosylate	 (4.00	 g,	 1	 equiv.,	 16.0	mmol),	 KI	 (1.67	 g,	 0.6	
equiv.,	10.0	mmol)	and	DMF	(40	mL)	were	added.	The	reaction	mixture	was	heated	100°C	
and	afterwards	quenched	with	saturated	NH4Cl(aq)	(40	mL)	and	extracted	with	diethyl	ether	
(3	x	50	mL).	The	combined	organic	extracts	were	washed	with	brine	(2	x	50	mL)	dried	with	
MgSO4,	concentrated	under	reduce	pressure	and	purified	by	flash	column	chromatography	
(petroleum	ether	/	ethyl	acetate	95:5)	to	afford	a	colorless	oil	(3.86g,	yield	69%).	1H–NMR	
(CDCl3):	δppm	7.37	(m,	10H,	OCH2Ph),	5.22	(s,	4H,	CH2OPh),	3.54	(t,	3JHH	=	6.0	Hz,	1H,	CHR3),	
2.25	(td,	2H,	3JHH	=	6.0	Hz,	3JHH	=	3.0	Hz,	2H,	CH2),	2.13	(m,	2H,	CH2),	2.01	(t,	3JHH	=	3	Hz,	C≡CH),	
1.61	(m,	2H,	CH2).		13C{1H}–NMR	(CDCl3):	δppm	168.9	(C2),	135.4	(C4),	128.6	(C5,	C5’),	128.4	
(C7),	128.2	(C6,	C6’),	83.4	(C11),	69.1	(C12),	67.2	(C3),	51.6	(C1),	27.8	(C8),	26.1	(C10),	18.2	
(C9).	
	
	 	
143	
	
	
	
2‐((benzyloxy)carbonyl)hept‐6‐ynoic	 acid	 (1g).	KOH	 (249	mg,	 4.45	mmol)	 was	 dried	
under	vacuum	heating	several	minutes	with	heatgun.	The	residue	was	suspended	in	10	mL	
of	 benzyl	 alcohol	 and	 added	 to	 a	 stirred	 solution	 of	 dibenzyl	 2‐(pent‐4‐yn‐1‐yl)malonate	
(1.30	g,	3.71	mmol)	 in	5	mL	of	benzyl	alcohol.	The	reaction	mixture	was	stirred	at	 room	
temperature	for	48h	and	extracted	with	water	(3	x	15	mL).	The	organic	layer	was	discarded;	
to	 the	 combined	 aqueous	 layer	 was	 added	 dichloromethane	 (20	 mL)	 and	 the	 pH	 was	
adjusted	to	2	–	3	with	aqueous	HCl	(2	M).	After	extracting	with	dichloromethane	(3	x	20	mL)	
the	collected	organic	layers	were	dried	(MgSO4)	and	concentrated	under	reduce	pressure.	
The	 residue	was	 dried	 a	 room	 temperature	 in	 high	 vacuum	 (3	 x	 10‐5	mbar)	 in	 order	 to	
remove	 residual	 benzyl	 alcohol.	 The	 final	 residue	 was	 purified	 by	 flash	 column	
chromatography	(CH2Cl2/MeOH	95:5)	 to	provide	1g	as	a	pale	colorless	oil	 (410	mg,	yield	
35%).	1H–NMR	 (CDCl3):	δppm	10.32	(s,	broad,	1H,	OH),	7.37	(m,	5H,	OCH2Ph),	5.23	(s,	2H,	
CH2OPh),	3.50	(t,	3JHH	=	6.0	Hz,	1H,	CHR3),	2.24	(td,	2H,	3JHH	=	6.0	Hz,	3JHH	=	3.0	Hz,	2H,	CH2),	
2.09	(m,	2H,	CH2),	1.98	(t,	3JHH	=	3	Hz,	C≡CH),	1.60	(m,	2H,	CH2).		13C{1H}–NMR	(CDCl3):	δppm	
174.5	(C1),	168.9	(C3),	135.2	(C5),	128.7	(C6,	C6’),	128.5	(C8),	128.2	(C7,	C7’),	83.2	(C12),	
69.1	(C13),	67.5	(C4),	51.2	(C2),	27.9	(C9),	25.9	(C11),	18.1	(C10).	HRMS	(ESI):	m/z	calcd	for	
[M+H]	(C15H15O4)	Calcd:	259.0970,	Found:	259.0973.	
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2‐((prop‐2‐yn‐1‐yloxy)carbonyl)benzoic	 acid	 (1l).	Procedure	 inspired	 by	 the	work	 of	
Breit	et	al,	with	propargyl	alcohol	as	the	reactant.	After	overnight	reaction,	the	product	was	
cleanly	isolated	by	precipitation	from	DCM	and	Pentane.	The	amide	was	isolated	as	a	white	
solid	in	good	yield	(2.08	g;	72	%).	1H–NMR	(CDCl3):	δppm	11.62	(s,	1H,	OH),	7.99	(m,	1H,	Ph),	
7.73	(m,	1H,	Ph),	7.64	(m,	2H,	Ph),	4.97	(d,	2H,	JHH	=	2.4	Hz,	CH2C≡CH),	2.59	(t,	1H,	JHH	=	2.5	
Hz,	C≡CH).	13C{1H}–NMR	(CDCl3):	δppm	172.3	(C1),	167.4	(C4),	132.9	(C3),	132.5	(C9),	131.1	
(C10),	130.0	(C8),	129.7	(C2),	128.7	(C11),	76.9	(C7),	75.6	(C6),	53.3	(C5).	HRMS	(ESI):	m/z	
calcd	for	[M+H]	(C11H9O4)	Calcd:	205.0501,	Found:	205.0508.	
	
	
Ethyl	2‐(tosylcarbamoyl)hept‐6‐ynoate	 (1h).	This	product	was	prepared	 following	 the	
procedure	 described	 in	 the	 literature.	 The	 product	was	 cleanly	 isolated	 by	 flash	 column	
chromatography	with	Ethyl	 acetate	 and	Pentane	 (v/v,	1/3).	The	amide	was	 isolated	as	a	
white	solid	in	good	yield	(0.42	g;	54	%).	1H–NMR	(CDCl3):	δppm	9.61	(s,	broad,	1H,	NHTs),	7.96	
(d,	2H,	Ph),	7.35	(d,	2H,	Ph),	4.20	(m,	2H,	CH3CH2O),	3.26	(t,	1H,	CH),	2.45	(s,	3H,	PhCH3),	2.03	
(m,	2H,	CH2C≡CH),	1.98	(m,	2H,	CHCH2),	1.97	(t,	1H,	C≡CH),	1.47	(m,	2H,	CHCH2CH2),	1.26	(t,	
3H,	CH2CH3).	13C{1H}–NMR	 (CDCl3):	δppm	170.9	(C3),	166.0	(C5),	145.2(C14),	135.3	(C11),	
129.6	(C13,	C13’),	128.5	(C12,	C12’),	83.0	(C9),	69.2	(C10),	62.4	(C2),	52.4	(C4),	29.5	(C6),	
25.5	(C7),	21.7	(C15),	17.9	(C8),	14.0	(C1).		HRMS	(ESI):	m/z	calcd	for	[M+H]	(C17H22NO5S)	
Calcd:	352.1219,	Found:	352.	1215.	
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2‐(but‐3‐yn‐1‐yl)‐N‐tosylbenzamide	 (1j):	 This	 product	 was	 prepared	 following	 the	
procedure	 described	 in	 the	 literature.	 The	 product	was	 cleanly	 isolated	 by	 flash	 column	
chromatography	with	Ethyl	acetate	and	Pentane	(v/v,	1/4).	The	amide	was	isolated	as	a	light	
yellow	solid	in	good	yield	(0.11	g;	73	%).	1H–NMR	(CDCl3):	δppm	8.89	(s,	1H,	NHTs),	8.03	(d,	
2H,	JHH	=	8.4	Hz,	PhCH3),	7.43	(m,	2H,	Ph),	7.38	(d,	2H,	JHH	=	8.6	Hz,	PhCH3),	7.31	(m,	1H,	Ph),	
7.26	(m,	1H,	Ph),	2.86	(t,	2H,	JHH	=	7.2	Hz,	PhCH2),	2.47	(s,	3H,	PhCH3),	2.39	(m,	2H,	CH2C≡CH),	
1.96	 (t,	 1H,	 JHH	=	2.6	Hz,	CH2C≡CH).	 13C{1H}–NMR	 (CDCl3):	 δppm	 166.2	 (C1),	 145.3	 (C15),	
139.8	(C3),	135.5	(C12),	132.5	(C2),	131.8	(C10),	131.2	(C11),	129.7	(C14,	C14’),	128.5	(C13,	
C13’),	127.5	(C8),	126.8	(C9),	83.6	(C6),	69.8	(C7),	31.6	(C4),	21.7	(C16),	20.3	(C5).	HRMS	
(ESI):	m/z	calcd	for	[M+H]	(C18H18NO3S)	Calcd:	328.1007,	Found:	328.0991.	
	
	
Prop‐2‐yn‐1‐yl	2‐(tosylcarbamoyl)benzoate	(1m):	This	product	was	prepared	following	
the	procedure	described	in	the	literature.	The	product	was	cleanly	isolated	by	flash	column	
chromatography	with	Ethyl	 acetate	 and	Pentane	 (v/v,	1/2).	The	amide	was	 isolated	as	a	
white	solid	in	good	yield	(0.80	g;	56	%).	1H–NMR	(CDCl3):	δppm	9.27	(s,	broad,	1H,	NHTs),	7.96	
(d,	2H,	PhCH3),	7.35	(d,	2H,	PhCH3),	7.88	(d,	1H,	Ph),	7.51	(m,	3H,	Ph),	4.62	(d,	2H,	CH2C≡CH),	
2.50	(t,	1H,	C≡CH),	2.46	(s,	3H,	PhCH3).	13C{1H}–NMR	(CDCl3):	δppm	166.2	(C1),	165.1	(C4),	
145.1	(C15),	135.3	(C12),	135.2	(C3),	132.7	(C10),	130.9	(C9),	130.5	(C11),	129.5	(C14,	C14’),	
128.7	(C13,	C13’),	128.1	(C8),	128.0	(C2),	77.2	(C6),	75.5	(C7),	52.9	(C5),	21.7	(C16).	
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Methyl	2‐(tosylcarbamoyl)hept‐4‐ynoate	(1q):	This	product	was	prepared	following	the	
procedure	 described	 in	 the	 literature.	 The	 product	was	 cleanly	 isolated	 by	 flash	 column	
chromatography	with	Ethyl	 acetate	 and	Pentane	 (v/v,	1/4).	The	amide	was	 isolated	as	a	
white	solid	in	good	yield	(0.53	g;	55	%).	1H–NMR	(CDCl3):	δppm	9.60	(s,	1H,	NHTs),	7.95	(d,	
2H,	Ph),	7.32	(d,	2H,	Ph),	3.73	(s,	3H,	OCH3),	3.40	(t,	1H,	CH),	2.70	(m,	2H,	CHCH2),	2.43	(s,	3H,	
PhCH3),	2.08	(m,	2H,	CH2CH3),	1.05	(t,	3H,	CH2CH3).	13C{1H}–NMR	(CDCl3):	δppm	169.6	(C3),	
165.3	(C1),	145.3	(C13),	135.4	(C10),	129.6	(C12,	C12’),	128.6	(C11,	C11’),	86.0	(C7),	73.8	
(C6),	53.2	(C4),	51.9	(C2),	21.8	(C14),	19.7	(C5),	14.0	(C9),	12.4	(C8).	HRMS	(ESI):	m/z	calcd	
for	[M+H]	(C16H20NO5S)	Calcd:	338.1062,	Found:	338.1063.	
	
	
N‐tosylhept‐5‐ynamide	 (1s):	 This	 product	 was	 prepared	 following	 the	 procedure	
described	 in	 the	 literature.	 The	 product	 was	 cleanly	 isolated	 by	 flash	 column	
chromatography	with	Ethyl	 acetate	 and	Pentane	 (v/v,	1/3).	The	amide	was	 isolated	as	a	
white	solid	in	excellent	yield	(0.98	g;	89	%).	1H–NMR	(CDCl3):	δppm	9.10	(s,	broad,	1H,	NHTs),	
7.96	 (d,	 2H,	Ph),	 7.35	 (d,	 2H,	Ph),	 2.45	 (s,	 3H,	 PhCH3),	 2.40	 (t,	 2H,	 CH2CO),	 2.11	 (m,	 2H,	
CH2C≡C),	1.73	(m,	5H,	CH2CH2CO	and	C≡CCH3).	13C{1H}–NMR	(CDCl3):	δppm	170.9	(C1),	145.2	
(C11),	135.6	(C8),	129.7	(C10,	C10’),	128.3	(C9,	C9’),	77.6	(C5),	77.0	(C6),	34.9	(C2),	23.4	(C3),	
21.7	 (C12),	 17.9	 (C5),	 3.4	 (C7).	HRMS	 (ESI):	m/z	 calcd	 for	 [M+H]	 (C16H20NO5S)	 Calcd:	
280.1007,	Found:	280.1009.	
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3.5.3	Catalysis	for	Lactams	and	Lactones	
 
 
7-Methylene-oxepan-2-one8 (2e): In a sealed Schlenk under stirring was performed the catalysis 
in a bigger scale (252 mg of heptynoic acid in 4 mL of CDCl3). The reaction mixture was dropped 
in a round Schlenk and the solvent removed under vacuum, to the flask was adapted a cold finger 
and the residue was distillated under vacuum (10-3 mPa). At RT the lactone slowly volatizes but it 
condenses in the cold finger faster when it is cold down with liquid nitrogen. Once the cold finger 
is saturated the cold finger was rinsed with CH2Cl2 in order to recover the pure lactone 2e. This 
procedure was repeated two times more and were recovered 221 mg of 1e (84%). 1H–NMR 
(CDCl3): δppm 4.75 and 4.64 (m, 2H, C=CH2), 2.54 (m, 2H, CH2), 2.30 (m, 2H, CH2), 1.74 (m, 2H, 
CH2). 13C{1H}–NMR (CDCl3): δppm 172.6 (C7), 157.6 (C2), 102.2 (C1), 33.65 (C6), 32.6 (C3), 
29.0 (C5), 22.9 (C4). HRMS (CH4-Ionization) calcd for [7f+1H](C7H11O2): 127.0759; found: 
127.0759. Anal Calcd for C7H10O2: C, 66.65; H, 7.99. Found: C, 66.93; H, 7.94. 
 
 
benzyl 7-methylene-2-oxooxepane-3-carboxylate (2g). The reaction mixture was dried under 
vacuum and the residue purified in PLC (Silica gel, 60-F254, Pentane/AcOEt 80:20, rf. 0.4). Cat 
0.5 M, 130 mg of alkynoic acid, were recovered 75 mg of the lactone 2g as a colorless oil (yield 
58%). The lactone also can be purified by distillation and condensation in a cold finger (40°C, 10-
5 mPa).  1H–NMR (CDCl3): δppm 7.27 (m, 5H, OCH2Ph), 5.11 (s, 2H, CH2OPh), 4.75 (m, 1H, 
C=CH2), 4.63 (m, 1H, C=CH2), 3.71 and 3.70 (d, 1H, 3JHH = 9.6 Hz, 1H, R3CH), 2.41 (m, 1H, 
CH2), 2.17 – 1.87 (m, 4H, CH2CH2), 1.59 (m, 1H, CH2). 13C{1H}–NMR (CDCl3): δppm 168.7 (C3), 
168.5 (C5), 156.7 (C2), 135.3 (C7), 128.6 and 128.5 (Ph), 103.7 (C1), 67.5 (C6), 49.7 (C4), 32.2 
(C8), 26.8 (C10), 25.7 (C9). HRMS (ESI): m/z calcd for [M+H] (C15H17O4) Calcd: 261.113, 
Found: 261.1119. Anal Calcd for C15H16O4: C, 69.22; H, 6.20. Found: C, 69.14; H, 6.02. 
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General	Procedure	of	the	cycloisomerization	of	N‐tosyl	alkynylamides:	In	a	NMR	pressure	
tube,	the	dried	corresponding	substrate	(0.1	M)	and	complex	IIIb	(5	mol%	[Pt])	in	0.7	mL	of	
CDCl3	was	heated	at	the	corresponding	temperature,	under	argon	atmosphere.	The	progress	
of	the	reaction	was	monitored	both	by	1H	NMR	and	31P	NMR.	After	evaporation,	the	residue	
was	purified	by	flash	column	chromatography	to	afford	the	corresponding	lactones	/	lactams	
in	good	to	excellent	yields.	
	
	
	
	
	
Ethyl	 7‐methylene‐2‐oxo‐1‐tosylazepane‐3‐carboxylate	 (2h).	 After	 complete	
conversion,	 the	product	was	cleanly	 isolated	by	 flash	column	chromatography	with	Ethyl	
acetate	and	Pentane	(v/v,	1/6).	The	lactam	was	isolated	as	a	white	solid	in	good	yield	(72	
mg;	70	%).	1H–NMR	(CDCl3):	δppm	7.94	(d,	2H,	Ph),	7.33	(d,	2H,	Ph),	5.52	(s,	1H,	C=CH2),	5.40	
(s,	1H,	C=CH2),	4.15	 (m,	2H,	CH2CH3),	3.71	 (m,	1H,	CH),	2.45	 (s,	3H,	PhCH3),	2.44	 (m,	2H,	
CH2C=CH2),	1.95	(m,	2H,	CHCH2),	1.77	(m,	2H,	CHCH2CH2),	1.23	(t,	3H,	CH2CH3).	 	13C{1H}–
NMR	(CDCl3):	δppm	168.8	(C3),	168.7	(C5),	145.2	(C14),	142.9	(C9),	135.9	(C11),	129.6	(C13,	
C13’),	129.1	(C12,	C12’),	121.1	(C10),	61.7	(C2),	52.4	(C4),	34.4	(C8),	27.1	(C7),	25.6	(C6),	
21.8	(C15),	14.1	(C1).	 	HRMS	(ESI):	m/z	calcd	for	[M+H]	(C17H22NO5S)	Calcd:	352.1219,	
Found:	352.	1223.	
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3‐methylene‐2‐tosyl‐2,3,4,5‐tetrahydro‐1H‐benzo[c]azepin‐1‐one	(2k).	After	complete	
conversion,	 the	product	was	cleanly	 isolated	by	 flash	column	chromatography	with	Ethyl	
acetate	and	Pentane	(v/v,	1/4).	The	lactam	was	isolated	as	a	white	solid	in	good	yield	(26	
mg;	80	%).	1H–NMR	(CDCl3):	δppm	8.10	(d,	2H,	JHH	=	8.4	Hz,	PhCH3),	7.65	(m,	1H,	Ph),	7.41	(m,	
1H,	Ph),	7.38	(m,	2H,	PhCH3),	7.29	(m,	1H,	Ph),	7.14	(m,	1H,	Ph),	5.15	(s,	1H,	C=CH2),	5.10	(s,	
1H,	C=CH2),	2.95	(s,	4H,	CH2CH2),	2.47	(s,	3H,	PhCH3).	13C{1H}–NMR	(CDCl3):	δppm	168.2	(C1),	
145.1	(C15),	141.9	(C6),	138.8	(C2),	136.0	(C12),	133.4	(C3),	132.5	(C9),	129.8	(C8),	129.5	
(C14,	C14’),	129.2	(C13,	C13’),	128.9	(C11),	127.3	(C10),	120.5	(C7),	37.9	(C5),	30.1	(C4),	21.7	
(C16)	HRMS	(ESI):	m/z	calcd	for	[M+H]	(C18H18NO3S)	Calcd:	328.1007,	Found:	328.1000.	
	
	
3‐methylene‐3,4‐dihydrobenzo[f][1,4]dioxocine‐1,6‐dione	 (2l).	 After	 complete	
conversion,	 the	product	was	cleanly	 isolated	by	 flash	column	chromatography	with	Ethyl	
acetate	and	Pentane	(v/v,	1/9).	The	lactone	was	isolated	as	a	colorless	oil	in	moderate	yield	
(44	mg;	43	%).	1H–NMR	(CDCl3):	δppm	7.92	(m,	1H,	Ph),	7.75	(m,	3H,	Ph),	4.92	(m,	2H,	CH2),	
4.69	(m,	1H,	C=CH2),	4.30	(m,	1H,	C=CH2).	13C{1H}–NMR	(CDCl3):	δppm	165.3	(C1),	153.6	(C4),	
140.5	(C2),	134.9	(C9),	132.4	(C11),	128.4	(C3),	125.3	(C8),	124.3	(C6),	123.4	(C10),	82.6	(C7),	
67.5	(C5).	HRMS	(ESI):	m/z	calcd	for	[M+H]	(C11H9O4)	Calcd:	205.0501,	Found:	205.0490.	
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4‐methylene‐2'‐tosylspiro[[1,3]dioxolane‐2,1'‐isoindolin]‐3'‐one	 (2m‐N‐spiro)	 and	
5'‐methylene‐3'‐tosyl‐3H‐spiro[isobenzofuran‐1,2'‐oxazolidin]‐3‐one	 (2m‐O‐spiro).	
After	 complete	 conversion,	 the	 mixture	 products	 were	 isolated	 by	 flash	 column	
chromatography	 firstly	 with	 Ethyl	 acetate	 and	 Pentane	 (v/v,	 1/9),	 and	 followed	 by	
separation	of	pre‐HPLC.	The	products	were	isolated	as	white	solids	in	excellent	total	yield	
(2l‐N,	135	mg,	71	%;	2l‐O,	29	mg,	15	%).			
2m‐N‐spiro:	1H–NMR	(CDCl3):	δppm	8.02	(d,	2H,	JHH	=	8.4	Hz,	PhCH3),	7.67	(m,	2H,	Ph),	7.50	
(m,	2H,	Ph),	7.30	(d,	2H,	JHH	=	8.1	Hz,	PhCH3),	5.29	(dt,	1H,	JHH	=	11.3	Hz,	JHH	=	2.1	Hz,	CH2),	
4.93	(dt,	1H,	JHH	=	11.3	Hz,	JHH	=	1.8	Hz,	CH2),	4.65	(q,	1H,	JHH	=	2.3	Hz,	C=CH2),	4.24	(m,	1H,	
C=CH2),	2.39	(s,	3H,	PhCH3).	13C{1H}–NMR	(CDCl3):	δppm	163.8	(C1),	155.1	(C6),	145.2	(C15),	
142.5	(C3),	136.1	(C12),	135.1	(C10),	131.6	(C9),	129.5	(C14,	C14’),	128.6	(C13,	C13’),	127.5	
(C2),	124.1	(C8),	122.3	(C11),	118.4	(C4),	80.7	(C7),	69.4	(C5),	21.7	(C16).	HRMS	(ESI):	m/z	
calcd	for	[M+H]	(C18H16NO5S)	Calcd:	358.0749,	Found:	358.0742.	
2m‐O‐spiro:	1H–NMR	(CDCl3):	δppm	7.93	(d,	1H,	JHH	=	7.4	Hz,	Ph),	7.78	(m,	1H,	Ph),	7.69	(m,	
2H,	Ph),	7.64	(d,	2H,	JHH	=	8.4	Hz,	PhCH3),	7.35	(d,	2H,	JHH	=	8.0	Hz,	PhCH3),	4.59	(m,	1H,	C=CH2),	
4.53	(dt,	1H,	JHH	=	12.4	Hz,	JHH	=	1.7	Hz,	CH2),	4.24	(m,	1H,	C=CH2),	4.18	(dt,	1H,	JHH	=	12.4	Hz,	
JHH	=	2.2	Hz,	CH2),	2.45	(s,	3H,	PhCH3).	13C{1H}–NMR	(CDCl3):	δppm	165.7	(C1),	151.9	(C6),	
145.2	(C15),	143.2	(C3),	135.1	(C10),	133.5	(C12),	132.0	(C9),	129.9	(C14,	C14’),	128.5	(C13,	
C13’),	127.2	(C2),	125.3	(C8),	123.6	(C11),	114.7	(C4),	85.3	(C7),	48.2	(C5),	21.7	(C16).	HRMS	
(ESI):	m/z	calcd	for	[M+H]	(C18H16NO5S)	Calcd:	358.0749,	Found:	358.0750.	
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Methyl	6‐ethyl‐2‐oxo‐1‐tosyl‐1,2,3,4‐tetrahydropyridine‐3‐carboxylate	(2qendo).	After	
complete	conversion,	the	product	was	cleanly	isolated	by	flash	column	chromatography	with	
DCM	only.	The	lactam	was	isolated	as	a	white	solid	in	good	yield	(52	mg;	78	%).	
1H–NMR	(CDCl3):	δppm	7.96	(d,	2H,	JHH	=	8.4	Hz,	Ph),	7.33	(d,	2H,	JHH	=	8.6	Hz,	Ph),	5.60	(t,	1H,	
JHH	=	6.1	Hz,	CH2CH=C),	3.69	(s,	3H,	OCH3),	3.40	(t,	1H,	JHH	=	6.4	Hz,	COCHCO),	2.74	(m,	1H,	
CH2CH3),	2.61	 (m,	1H,	CH2CH=C),	2.55	 (m,	1H,	CH2CH3),	2.44	 (s,	3H,	PhCH3),	2.36	 (m,	1H,	
CH2CH=C),	1.03	(t,	3H,	JHH	=	7.4	Hz,	CH2CH3)	13C{1H}–NMR	(CDCl3):	δppm	168.7	(C1),	168.4	
(C8),	145.1	(C13),	144.0	(C5),	136.8	(C10),	129.5	(C12,	C12’),	128.5	(C11,	C11’),	113.2	(C4),	
52.8	(C9),	51.7	(C2),	27.4	(C6),	22.1	(C3),	21.8	(C14),	13.1	(C7).	HRMS	(ESI):	m/z	calcd	for	
[M+H]	(C16H20NO5S)	Calcd:	338.1062,	Found:	338.1058.	
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(Z)‐3‐ethylidene‐2‐tosylcyclohexanone	 (2sexo)	 and	7‐methyl‐1‐tosyl‐4,5‐dihydro‐1H‐
azepin‐2(3H)‐one	(2sendo).	After	complete	conversion,	the	mixture	products	were	isolated	
by	 flash	 column	 chromatography	 firstly	 with	 Ethyl	 acetate	 and	 Pentane	 (v/v,	 1/4),	 and	
followed	by	separation	of	pre‐HPLC.	The	products	were	isolated	as	white	solids	in	excellent	
total	yield	(2rexo,	32	mg,	72	%;	2rendo,	16	mg,	28	%).		
2sendo:	 1H–NMR	 (CDCl3):	 δppm	7.91	 (d,	 2H,	 JHH	=	8.4	Hz,	PhCH3),	 7.32	 (d,	 2H,	 JHH	=	7.8	Hz,	
PhCH3),	5.69	(q,	1H,	JHH	=	6.9	Hz,	C=CHCH3),	2.48	(m,	2H,	CH2CO),	2.44	(s,	3H,	PhCH3),	1.88	(d,	
3H,	JHH	=	7.0	Hz,	C=CHCH3),	1.27	(s,	broad,	2H,	CH2CH2CO).	13C{1H}–NMR	(CDCl3):	δppm	171.9	
(C1),	144.8	(C11),	136.3	(C8),	132.2	(C5),	129.3	(C10,	C10’),	128.8	(C9,	C9’),	125.9	(C6),	33.5	
(C2),	 29.9	 (C4),	 21.7	 (C12),	 17.2	 (C3),	 14.8	 (C7).	 HRMS	 (ESI):	 m/z	 calcd	 for	 [M+H]	
(C14H18NO3S)	Calcd:	280.1007,	Found:	280.1021.	
2sendo:	1H–NMR	 (CDCl3):	 δppm	7.97	 (d,	 2H,	 JHH	=	8.3	Hz,	PhCH3),	 7.33	 (d,	 2H,	 JHH	 =	8.1	Hz,	
PhCH3),	5.88	(t,	1H,	JHH	=	7.5	Hz,	CH=CCH3),	2.45	(s,	3H,	PhCH3),	2.36	(s,	broad,	2H,	CH2CO),	
2.27	(s,	3H,	CH=CCH3),	2.04	(t,	2H,	JHH	=	6.9	Hz,	CH2CH=C),	1.96	(s,	broad,	2H,	CH2CH2CO).	
13C{1H}–NMR	(CDCl3):	δppm	173.0	(C1),	144.9	(C11),	137.0	(C8),	136.7	(C6),	129.2	(C10,	C10’),	
129.1	(C9,	C9’),	125.9	(C5),	34.8	(C2),	27.2	(C3),	22.8	(C4),	22.0	(C7),	21.7	(C12).	HRMS	(ESI):	
m/z	calcd	for	[M+H]	(C14H18NO3S)	Calcd:	280.1007,	Found:	280.1004.	
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3.5.4	Selected	Crystal	Data	
	
				Crystallographic	 data	 were	 collected	 at	 193(2)	 K	 on	 Bruker‐AXS	 APEXII	 Quazar	
diffractometer	 with	 Mo	 Kα	 radiation	 (λ	 =	 0.71073	 Å)	 using	 an	 oil–coated	 shock–cooled	
crystal.	 Phi‐	 and	 omega‐	 scans	 were	 used.	 Semi‐empirical	 absorption	 corrections	 were	
employed.	The	structure	was	solved	by	direct	methods	(SHELXS‐97),8	and	refined	using	the	
least‐squares	method	on	F2.9		
				Crystallographic	data	(excluding	structure	factors)	have	been	deposited	to	the	Cambridge	
Crystallographic	Data	Centre	as	supplementary	publication	no.	xxxxxx.	These	data	can	be	
obtained	free	of	charge	via	www.ccdc.cam.uk/conts/retrieving.html	(or	from	the	CCDC,	12	
Union	Road,	Cambridge	CB2	1EZ,	UK;	fax:	(+44)	1223‐336‐033;	or	deposit@ccdc.cam.ac.uk).	
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Table	 S1.	 Crystal	 Data,	 Data	 Collection,	 and	 Structure	 Refinement	 for	
{PtCl[(iPr2P=S)2(C9H4)]}	(IIa)	
Crystal	data	
formula	 C21H33ClP2PtS2	
Mr	 642.07	
crystal	system	 monoclinic	
space	group	 P21/n	
a	(Å)	 13.2086(4)	
b	(Å)	 14.2069(4)	
c	(Å)	 13.9678(4)	
α(°)	 90	
β(°)	 107.990(2)	
γ(°)	 90	
V	(Å3)	 2492.96(13)	
Z	 4	
ρcalc	(g	cm‐3)	 1.711	
(mm‐1)	 6.037	
F(000)	 1264	
crystal	size	(mm3)	 0.240	x	0.150	x	0.120	
Data	collection	and	Refinement	
T/K	 173(2)	
measd	reflns	 28700	
Unique	reflns	(Rint)	 9045	(0.0291)	
reflns	used	for	refinement 9045	
refined	parameters	 252	
GOF	on	F2	 1.161	
R1a	[I>2σ	(I)]	 0.0272	
wR2b	all	data	 0.1045	
	
a	R1	=	Σ||Fo|	‐	|Fc||/	Σ	|Fo|.	b	wR2	=	[Σ[	w(Fo2	‐	Fc2)2]	/	Σ	[w(Fo2)2]]1/2.	
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Table	S2.	Crystal	Data,	Data	Collection,	and	Structure	Refinement	for		
{Pt[(Ph2P=S)2(C9H4)]}3	(IIIa)	
Crystal	data	
formula	 C99H72P6Pt3S6	2·(CH2Cl2)	
Mr	 1108.01	
crystal	system	 triclinic	
space	group	 P‐1	
a	(Å)	 14.0054(6)	
b	(Å)	 14.5896(6)	
c	(Å)	 25.4903(9)	
α(°)	 76.122(2)	
β(°)	 80.256(2)	
γ(°)	 65.066(2)	
V	(Å3)	 4571.4(3)	
Z	 2	
ρcalc	(g	cm‐3)	 1.740	
(mm‐1)	 4.986	
F(000)	 2340	
crystal	size	(mm3)	 0.140	x	0.030	x	0.020	
Data	collection	and	Refinement	
T/K	 173(2)	
measd	reflns	 38424	
Unique	reflns	(Rint)	 22345	(0.0478)	
reflns	used	for	refinement 22345	
refined	parameters	 1076	
GOF	on	F2	 1.090	
R1a	[I>2σ	(I)]	 0.0595	
wR2b	all	data	 0.2091	
	
a	R1	=	Σ||Fo|	‐	|Fc||/	Σ	|Fo|.	b	wR2	=	[Σ[	w(Fo2	‐	Fc2)2]	/	Σ	[w(Fo2)2]]1/2.	
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Table	S3.	Crystal	Data,	Data	Collection,	and	Structure	Refinement	for		
[N(n‐Bu)4]{PtCl[(Ph2P=S)2(C9H4)]}	(IVa)	
Crystal	data	
formula	 C49H60ClNP2PtS2	(CH2Cl2)	
Mr	 1104.52	
crystal	system	 orthorhombic	
space	group	 Pbca	
a	(Å)	 17.7935(10)	
b	(Å)	 21.1387(12)	
c	(Å)	 26.6659(15)	
α(°)	 90	(10)	
β(°)	 90	(2)	
γ(°)	 90	(10)	
V	(Å3)	 10029.9(10)	
Z	 8	
ρcalc	(g	cm‐3)	 1.463	
(mm‐1)	 3.139	
F(000)	 4480	
crystal	size	(mm3)	 0.40	x	0.08	x	0.04	
Data	collection	and	Refinement	
T/K	 193(2)	
measd	reflns	 170112	
Unique	reflns	(Rint)	 10164	(0.0719)	
reflns	used	for	refinement 10164	
refined	parameters	 536	
GOF	on	F2	 1.111	
R1a	[I>2σ	(I)]	 0.0455	
wR2b	all	data	 0.0644	
	
a	R1	=	Σ||Fo|	‐	|Fc||/	Σ	|Fo|.	b	wR2	=	[Σ[	w(Fo2	‐	Fc2)2]	/	Σ	[w(Fo2)2]]1/2.	
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General	Conclusion	
 
This	 thesis	 fits	 into	 the	 area	 of	 cooperative	 catalysis,	 and	 in	 particular	metal	 /	 ligand	 cooperation.	
Inspired	by	nature,	cooperative	catalysis	has	been	widely	investigated	in	the	last	decades	and	its	efficiency	
over	the	standard	single‐site	catalysis	has	been	demonstrated.	In	this	context,	our	group	has	developed	
original	indenediide	Pd	pincer	complexes	that	exhibit	non‐innocent	behavior.	Recently,	such	Pd	complexes	
were	successfully	applied	to	the	catalytic	cycloisomerization	of	alkynoic	acids	to	form	lactones.	These	
encouraging	 results,	 as	 well	 as	 an	 in‐depth	 understanding	 of	 the	 mechanism	 by	 experimental	 and	
theoretical	 investigations,	 prompted	 us	 to	 further	 develop	 the	 catalytic	 applications	 of	 such	 pincer	
complexes.	This	was	the	objective	of	this	thesis.	
Cycloisomerization	of	N‐tosyl	alkynylamides,	close	to	that	of	alkynoic	acids	but	more	challenging,	first	
attracted	our	attention.	Preliminary	results	with	the	first	reported	family	of	indenediide	Pd	complexes	
disclosed	their	ability	to	complete	formation	of	 5‐membered	lactams,	but	revealed	limitations	for	the	
formation	of	6‐membered	 lactams.	31P	NMR	monitoring	 indicated	degradation	of	 the	catalytic	species	
during	 reaction.	 A	 structural	 modulation	 of	 the	 ligand	 skeleton	 aiming	 at	 improving	 the	 catalyst	
robustness	was	therefore	envisioned,	by	exchanging	the	Ph	substituents	at	phosphorus	for	more	electron‐
donating	 iPr	 groups.	 Two	 new	 complexes	 were	 readily	 prepared	 following	 the	 synthetic	 strategy	
previously	reported	and	fully	characterized	(NMR,	IR,	XRD).	To	our	delight,	the	new	complexes	bearing	
iPr	groups	led	to	better	performances	than	their	Ph‐substituted	counterparts.	Thanks	to	this	modulation,	
the	 substrate	 scope	 of	 amides	 could	 be	 expanded,	 from	 linear	 non‐substituted	 C5‐C7	 amides,	 to	
substituted,	 benzo‐fused,	 and	 finally	 to	 internal‐alkyne	 ones.	 Notably,	 the	 7‐membered	 exo‐
methylene	caprolactam	was	obtained	 for	 the	 first	 time	via	cycloisomerization,	but	with	moderate	
yield.	Therefore,	there	was	still	room	for	formation	of	medium‐size	rings,	such	as	7‐membered	rings,	
but	also	for	the	cyclization	of	amides	bearing	internal	alkynes.	
In	response	to	such	challenges,	a	more	active	indenediide	system	was	looked	after.	Knowing	that	
platinum	 efficiently	 activates	 C‐C	 multiple	 bonds,	 in	 particular	 triple	 bonds,	 a	 straightforward	
strategy	to	switch	the	metal	center	from	Pd	to	Pt	was	envisioned.	To	this	end,	four	Pt	complexes	were	
prepared	 and	 fully	 characterized	 (NMR,	 IR,	 XRD).	 A	 rapid	 evaluation	 showed	 that	 the	 new	 Pt	
complexes,	in	particular	the	dimeric	one	featuring	iPr	groups	on	P,	outperformed	their	Pd	analogs.	
Subsequent	investigations	were	focused	on	the	challenging	formation	of	medium‐size	ring	lactones	
/	 lactams,	 including	 from	 substrates	 featuring	 internal	 alkynes.	 Gratifyingly,	 with	 the	 new	 Pt	
complexes,	 complete	 conversions	 in	 the	 formation	 of	 7‐membered	 lactones/lactams	 from	 the	
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corresponding	 linear	 acid	 and	 amide	were	 achieved.	The	 generality	 of	 such	 catalytic	 system	was	
supported	 by	 the	 successful	 formation	 of	 other	 diversely	 substituted	 7‐membered	 rings.	 Several	
substrates	bearing	internal	alkynes,	which	are	challenging	for	such	cycloisomerization	reactions	in	
terms	 of	 activity	 and	 exo/endo	 selectivities,	 were	 also	 investigated.	 The	 reaction	 times	 were	
remarkably	shortened	in	most	cases.	 In	addition,	although	a	 low	conversion	was	observed,	the	Pt	
dimer	triggered	the	cyclization	of	C6	amide	featuring	an	internal	alkyne,	which	was	impossible	with	
the	Pd	indenediide	complexes.		
On	 the	 basis	 of	 a	mechanistic	 study	 carried	 out	 in	 the	 group,	 the	 use	 of	H‐bond	 additives	was	
envisioned	to	further	improve	the	performances	of	the	indenediide	Pt	catalyst.	Catechol	was	used	for	
a	number	of	candidates.	It	was	shown	to	shorten	significantly	the	reaction	times	and	to	increase	the	
exo/endo	selectivities	(in	favor	to	the	endo	product)	in	most	cases.	Notably,	the	internal‐alkyne	C6	
amide	could	be	utterly	cyclized	in	the	presence	of	the	additive.	
In	summary,	by	virtue	of	two	simple	structural	modulations	of	the	indenediide	system,	firstly	exchange	
of	 the	P	 substituent	 for	 the	more	electron‐donating	 iPr	group	and	 then	 replacement	of	Pd	by	Pt,	 the	
catalytic	performances	of	the	indenediide	pincer	system	for	the	cycloisomerization	of	alkynoic	acids	and	
related	amides	have	been	remarkably	enhanced.	In	the	presence	of	these	indenediide	pincer	complexes,	
a	wide	spectrum	of	5‐,	6‐,	7‐membered	lactones/lactams	have	been	efficiently	prepared	without	using	any	
external	bases,	in	most	cases	under	mild	conditions.	These	results	demonstrate	the	efficiency	of	metal‐
ligand	cooperation	and	highlight	the	pivotal	influence	of	structural	modulation	in	catalyst	design.	In	the	
future,	we	seek	to	apply	our	pincer	complexes	to	other	transformations,	in	particular	intramolecular	and	
intermolecular	hydro‐elementation	of	alkynes	and	alkenes.		
In	addition,	the	efficient	preparation	of	ε‐alkylidene	lactones,	which	can	be	scaled	up	to	multi‐gram	
level,	opens	the	route	to	the	preparation	of	substituted	ε‐caprolactones	by	derivation	of	the	exocyclic	
double	 bond.	 These	 products	 are	 interesting	 monomers	 for	 the	 preparation	 of	 functionalized	
biodegradable	 polyesters	 via	 ring‐opening	polymerization	 (ROP),	 and	will	 be	 investigated	by	 the	
group	in	the	near	future.		
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INTRODUCTION	GENERALE	
 
Les	 applications	 de	 la	 catalyse	 organométalliques	 se	 sont	 développé	 tout	 long	 du	 XXème	 siècle	 grâce	 à	 la	
modulation	de	leurs	propriétés	stéréoélectroniques		en	variant	les	ligands.	Ceci	est	bien	illustré	par	l’amélioration	
de	l’efficacité	de	systèmes	permettant	la	(co)polymésisation	d’oléfines	polaires	:	les	systèmes	CGC	(Constrained	
Geometry	Complexes)	dans	les	années	80s	d’abord,	puis	les	complexes	diimine	du	Pd(II)	et	Ni(II)	dix	ans	plus	tard	
pour	finir	avec	les	complexes	comportant	les	ligands	phosphine‐sulfonate.1,2	
	
Mais	le	contrôle	de	propriétés	stéréoélectoniques	du	métal	n’est	pas	l’unique	rôle	possible	pour	un	ligand.	
Au	 cours	 de	 20	 dernières	 années,	 les	 systèmes	 catalytiques	 dans	 lesquels	 un	 des	 ligands	 participe	
directement	 à	 l’activation	du	substrat	(exhibant	ce	qui	est	connu	comme	caractère	non‐innocent)	se	sont	
fortement	développés	après	les	travaux	pionniers	de	Noyori	et	Shvo.3,4	Cette	action	concertée	entre	le	métal	et	
le	ligand	dans	l’activation	des	substrats	est	connue	comme	coopération	métal	/	ligand,	et	permet	la	réalisation	de	
transformations	 dans	 des	 conditions	 douces.	 Plus	 particulièrement,	 elle	 permet	 l’activation	 /	 formation	 de	
liaisons	sans	variation	de	l’état	d’oxydation	du	métal	et	représente	ainsi	une	alternative	aux	étapes	d’addition	
oxydante	et	élimination	réductrice.5,6	
	
Les	travaux	décrits	dans	ce	manuscrit	s’inscrivent	dans	le	domaine	de	la	coopérativité	métal	/	ligand.	Plus	
particulièrement,	ils	concernent	l’application	catalytique	de	complexes	pince	de	Pd	et	Pt	comportant	le	ligand	
bis(thiophosphinoyl)indenediide	 dans	 la	 réaction	 de	 cycloisomérization	 d’acides	 alcynoı̈ques	 et	 de	 N‐
alcynylamides.	Le	manuscrit	est	divisé	en	trois	chapitres	:	
Le	premier	chapitre	englobe	une	révision	bibliographique	non‐exhaustive	de	la	coopérativité	en	catalyse.	
Après	 une	 présentation	 rapide	 des	 systèmes	 catalytiques	 duals	 (organo‐organo,	 métal‐métal	 et	 organo‐
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métal),	la	coopérativité	métal	/	ligand	est	décrite	plus	en	détail.	Des	exemples	représentatifs	basés	sur	les	
systèmes	 amido‐Ru	 de	 Noyori	 pour	 l’hydrogénation	 et	 	 sur	 les	 complexes	 pince	 de	 Milstein	 à	 pyridine	
désaromatisée	sont	discutés	avant	la	présentation	de	quelques	exemples	choisis	d’applications.		
Le	deuxième	chapitre	présente	les	résultats	obtenus	avec	le	complexe	indenediide	de	Pd,	préparé	selon	une	
modulation	structural	du	ligand	(remplacement	des	substituants	Ph	sur	le	P	par	iPr)	visant	à	augmenter	la	
robustesse	 du	 catalyseur.8,9	 Les	 résultats	 montrent	 la	 pertinence	 de	 la	 modulation	 puisque	 des	 N‐
alcynylamides	 ont	 pu	 être	 transformées	 en	 lactames	 de	manière	 efficace.	 Cependant,	 dans	 certains	 cas,	
comme	les	substrats	à	alcyne	interne	ou	ceux	conduisant	à	de	lactames	à	7‐chaı̂nons,	les	résultats	ont	été	
moins	bons	mais	néanmoins	prometteurs.		
Le	troisième	chapitre	résume	les	résultats	obtenus	lorsque	des	complexes	similaires	à	base	de	Pt	(métal	
connu	 par	 sa	 capacité	 à	 activer	 les	 alcynes)	 ont	 été	 préparés	 et	 utilisés.	 Grâce	 à	 ces	 complexes	 la	
cycloisomérisation	 des	 N‐alcynylamides	 problématiques	 a	 pu	 être	 mené	 avec	 succès	 avec	 des	 bons	
rendements	et	sélectivités	exo/endo.	De	plus,	la	combinaison	du	complexes	indenediide	de	Pt	avec	un	additif	
donneur	de	liaison‐H	(type	catéchol)9	a	permis	d’améliorer	les	résultats	et	dans	certains	cas	d’inverser	la	
sélectivité	exo/endo.	
En	conclusion,	les	travaux	réalisés	montrent	que	les	systèmes	pince	indenediide	de	Pd	et	Pt	sont	de	bons	
catalyseurs	pour	la	cycloisomerisation	d’acides	alcynoïques	et	de	N‐alcynylamides,	grâce	à	la	coopération	
métal	/	ligand.	De	plus,	ces	travaux	mettent	en	évidence	l’intérêt	de	la	modulation	structurale	des	catalyseurs	
à	 l’heure	d’incrémenter	 l’activité	catalytique,	ainsi	que	 le	rôle	clé	 joué	par	 les	études	mécanistiques	pour	
réaliser	ces	ajustements.	
	
1.	Catalyse	coopérative	
1.1.	Introduction	
La	catalyse	joue	un	rôle	primordial	dans	la	préparation	d’une	grande	quantité	de	composés	et	attire	une	
attention	croissante	aussi	bien	dans	le	monde	académique	qu’industriel.	La	catalyse	«	classique	»	implique	
une	interaction	simple	du	catalyseur	avec	un	substrat	pour	générer	l’espèce	activée	qui	réagit	à	son	tour	avec	
d’autres	substrats.	C’est	ce	qu’on	appelle	la	catalyse	mono‐site.	Mais	il	existe	de	plus	en	plus	d’exemples	de	
systèmes	 catalytiques	multi‐centres.	 Inspirés	de	 systèmes	biologiques,	 ces	 systèmes	possèdent	plusieurs	
sites	actifs	capables	d’activer	simultanément	plus	d’un	substrat	ou	d’activer	doublement	un	substrat.10‐13			
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Les	systèmes	multi‐centres	peuvent	être	classés	selon	quatre	modèles	(Figure	1.1)	:	(I)	le	premier,	appelé	
Catalyse	par	double	 activation’,	 consiste	 en	 l’activation	d’un	des	 substrats	par	deux	 sites	 catalytiques	de	
manière	 simultanée	;	 (II)	 dans	 le	 deuxième,	 l’activation	 d’un	 substrat	 par	 un	 des	 sites	 conduit	 à	 un	
intermédiaire,	lequel	activé	à	son	tour	par	le	deuxièmes	site	catalytique	réagit	avec	le	deuxième	substrat.	Les	
deux	autres	catégories	impliquent	une	synergie	ou	coopérativité	des	deux	sites	catalytiques,	chacun	d’eux	
activant	un	des	substrats.	On	peut	faire	la	différence	entre	les	systèmes	ou	les	deux	sites	appartiennent	à	
deux	 catalyseurs	 différents	 (III)	 et	 ceux	 ou	 les	 deux	 sites	 sont	 placés	 sur	 une	même	molécule	 (III’).	 Ces	
derniers	sont	appelés	systèmes	bifonctionnels.		
 
Figure	1.1	Classification	des	systèmes	catalytiques	multi‐sites.		
Les	systèmes	catalytiques	étudiés	au	cours	de	cette	thèse	appartiennent	à	ce	dernier	groupe	de	catalyse	
bifonctionnelle.	En	effet,	il	s’agit	de	complexes	métalliques	dans	lesquels	un	des	ligands	ne	se	limite	pas	à	
moduler	les	propriétés	stéréoélectroniques	du	métal	mais	participe	activement	à	l’activation	des	substrats.	
C’est	ce	qu’on	appelle	un	ligand	non‐innocent	et	on	parle	alors	de	catalyse	coopérative	métal	/	ligand.			
1.2	Coopérativité	Métal‐Ligand		
La	 catalyse	 coopérative	 métal	 /	 ligand	 est	 devenue	 un	 concept	 important	 en	 catalyse	 grâce	 au	
développement	des	ligands	non‐innocents.		
Les	 termes	 innocent	 /	 non‐innocent	 furent	 introduits	 initialement	 dans	 le	 domaine	 de	 la	 chimie	 de	
coordination	par	Jørgensen	en1966.14	Un	ligand	innocent	permet	de	déterminer	de	manière	certaine	le	degré	
d’oxydation	du	métal.	Au	contraire,	un	ligand	non‐innocent	possède	un	système		délocalisé	qui	rend	difficile	
cette	détermination.	Un	exemple	représentatif	d’un	complexes	à	ligand	non‐innocent	est	le	complexes	neutre	
de	Ni	glyoxalbis(2‐mercaptoanil)Ni(gma)2	caratérisé	par	la	présence	d’un	système	conjugué	étendu	(Figure	
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1.2).15  Ce	 compose	 peut	 être	 considéré	 comme	 un	 complexe	 de  Ni(II)	 à	 16‐électrons	 avec	 un	 ligand	
diiminodithiolate	(1a)	ou	di(imino‐thiosemiquinonate)	(1b),	comme	un	complexe	de	Ni(IV)	à	14‐électrons	
(1c)	ou,	alternativement,	comme	un	complexe	de	Ni(0)	à	18‐electron	(1d).	En	général,	la	forme	délocalisée	
(1e)	est	considérée	comme	la	meilleure	représentation	de	la	situation	électronique	du	complexe.		
 
Figure	1.2	Complexe	de	Ni	comportant	un	ligand	non‐innocent	N2S2.		
Au	début	des	années	1990	le	concept	de	non‐innocence	est	généralement	accepté	et	est	étendu	ensuite	aux	
ligands	impliqués	directement	dans	l’activation/formation	de	liaisons	chimiques	(ligands	coopératifs).	Dans	
les	deux	cas,	la	contribution	du	ligand	permet	de	réaliser	des	transformations	en	évitant	les	étapes	d’addition	
oxydante/élimination	 réductive	 sur	 le	 métal.	 Des	 transformations	 chimiques	 sont	 ainsi	 rendues	 plus	
accessibles	voir	possibles.	Nous	allons	nous	focaliser	sur	quelques	exemples	représentatifs	décrits	avec	des	
ligands	coopératifs.	
1.3.	Ligands	coopératifs	non‐innocents		
Les	 ligands	de	type	amido	ont	été	 les	premiers	à	être	extensivement	appliqués	en	catalyse	coopérative	
métal	 ligand.	 Ils	 sont	 connus	 depuis	 longtemps	 comme	 coopératifs	 aussi	 bien	 dans	 des	 réactions	
stoechiométriques16‐18	 que	 catalytiques,	 notamment	 dans	 des	 réactions	 d’hydrogénation	 catalytiques	 de	
substrats	insaturés.19	
En	2001,	Noyori	reçu	le	prix	Nobel	de	chimie	pour	ses	travaux	sur	 l’hydrogénation	asymétrique.20	Plus	
particulièrement,	son	groupe	a	contribué	de	manière	remarquable	au	développement	de	 la	coopérativité	
métal	 /	 ligand,	 grâce	 à	 leur	 complexe	 chiral	 amido	 de	 Ru(II).	 Ce	 dérivé	 a	 des	 excellentes	 activités	 et	
sélectivités	 (turnover	 frequency	 (TOF)>200	 000	 h‐1;	 turnover	 numbers	 (TON)>2	 ×	 106;	 ee>98%).	 Le	
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mécanisme	généralement	reconnu	pour	cette	transformation	peut	être	illustré	comme	suit	(schéma	1.1)	:	la	
molécule	de	H2	se	coordine	à	l’atome	de	Ru	via	une	liaison		et	ensuite	la	liaison	H‐H	est	activée	de	manière	
hétérolytique	 par	 l’unité	 amido‐Ru	 pour	 conduire	 à	 un	 composé	 amino‐Ru‐hydrure.	 La	 cétone	 interagit	
ensuite	avec	la	deuxième	sphère	de	coordination	de	ce	complexe	par	le	biais	des	liaisons	polarisées	NHδ+	et	
RuHδ‐,	pour	subir	le	processus	d’hydrogénation.	L’état	d’oxydation	de	l’atome	de	Ru	reste	invariable	tout	au	
long	de	la	transformation	et	la	réduction	de	la	cétone	a	lieu	par	ce	qu’on	appelle	un	mécanisme	de	sphère	
externe.	
	
Schéma	1.1	Mécanisme	d’hydrogénation	de	cétones	pas	complexes chiraux	RuII	amido.	
Depuis	le	début	des	années	2000	les	complexes	de	type	pince	ont	connu	un	grand	essor	et	parmi	eux	nous	
pouvons	distinguer	les	complexes	décrits	pas	l’équipe	de	D.	Milstein	comportant	un	ligand	pince	à	caractère	
non‐innocent.	Il	s’agit	du	ligand	bis(di(tert‐butyl)phosphinomethyl)pyridine,	lequel	par	déprotonation	d’un	
des	 CH2	 des	 bras	 latéraux	 conduit	 à	 une	 désaromatisation	 de	 la	 pyridine	 (Figure	 1.3).	 Ce	 système	
désaromatisé	 est	 alors	 capable	 d’active	 des	 liaisons	 H‐X	 (X	 =	 H,	 O,	 N…)	 grâce	 à	 la	 force	 motrice	 de	 la	
réaromatisation	de	la	pyridine	(schéma	1.2).21	
 
	Figure	1.3	1ère	génération	de	complexes	pince	de	Milstein	
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Schéma	1.2	Aromatisation/désaromatisation	dans	les	complexes	pince	de	Milstein. 
Ces	systèmes	ont	été	appliqués	avec	succès	dans	des	processus	d’hydrogénation	(directe	ou	par	transfert	
d’hydrogène)	 de	 dérivés	 carbonylés	 et	 de	 déshydrogénation	 d’alcools.	 D’autres	 transformations	 plus	
complexes	impliquant	ces	étapes	d’hydrogénation	ou	déshydrogénation	ont	été	ensuite	décrites	tel	que	le	
couplage	 déshydrogénant	 d’alcools	 pour	 conduire	 à	 des	 esters.22	 Dans	 cette	 transformation,	 la	
déshydrogénation	d’une	molécule	d’alcool	conduit	à	un	dérivé	carbonylé	qui	réagit	avec	une	autre	molécule	
d’alcool	pour	former	un	dérivé	de	type	hémiacétal.	Cet	hémiacétal	est	à	ensuite	déshydrogéné	lui	aussi	pour	
former	l’ester	(schéma	1.3).	Sur	la	base	de	cette	désaromatisation‐réaromatisation	d’autre	transformations	
telles	 que	 le	 couplage	 déshydrogénant	 alcool‐amines…ont	 été	 réalisées	 avec	 succès	 dans	 les	 dernières	
années.23‐24	
	
Schéma	1.3	Couplage	déshydrogénant	d’alcools	catalysé	par	un	complexe	pince	décrit	par	Milstein.	
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Mais	ce	système	décrit	pas	Milstein	n’est	pas	le	seul	système	de	type	pince	montrant	une	coopérativité	
métal	 /	 ligand.	D’autres	 systèmes	 ont	 été	 décrits	 dans	 la	 dernière	 décennie	 et	 certains	 d’entre	 eux	 sont	
appliqués	dans	de	processus	catalytiques	n’impliquant	pas	d’étape	d’hydrogénation	ou	deshydrogénation.	
Les	complexes	pince	indendiide	développés	par	notre	équipe	et	focus	de	cette	thèse	font	partie	de	ces	dérivés.	
Ces	 composés	 se	 caractérisent	 par	 un	métal	 (Pd)	 électrophile	 et	 un	 squelette	 carboné	 riche	 en	 densité	
électrophile	 à	 caractère	 non‐innocent	 (schéma	 1.4).	 Nous	 avons	 cherché	 à	 exploiter	 ces	 complexes	
indèndiide	 en	 catalyse	 de	 cyclisation	des	 d’acides	 carboxyliques	 ‐acétyléniques,	méthode	de	 choix	 pour	
accéder	aux	‐méthylène	lactones.	Notre	système	s’est	avéré	très	efficace	pour	cette	transformation	(TON	
jusqu’à	2000)	et	recyclable	jusqu’à	10	fois	sans	perte	notable	d’activité.	Il	ne	nécessite	pas	de	base	externe	et	
permet	la	cyclisation	d’une	variété	de	substrats	sans	précédent	(alcynes	terminaux	et	internes	;	formation	
de	 lactones	 à	 5,	 6	 et	 même	 7	 chaînons).	 Une	 étude	 conjointe	 expérimentale	 (marquage	 isotopique,	
comparaison	 d’activité	 des	 différentes	 espèces…)	 et	 théorique	 a	 confirmé	 la	 contribution	 du	 caractère	
basique	du	ligand	à	la	transformation.		
 
Scheme	1.4	Cycloisomerisation	d’acydes	alcynoïques	catalysée	par	les	complexes	indendiide	de	Pd	developés	dans	
l’équipe. 
Cependant,	malgré	 les	bons	résultats	obtenus,	des	 limitations	ont	aussi	été	 identifiées	 lorsque	certains	
alcynes	internes	ou	les	précurseurs	de	cycles	à	7	chaînons	sont	visés.	De	plus,	nous	avions	hâte	d’étendre	
l’application	 de	 ce	 système	 coopératif	 métal	 /	 ligand	 à	 de	 transformations	 à	 enjeu	 majeur	 comme	 la	
cycloisomerisation	d’alcynylamides	conduisant	à	de	lactames.		
Le	but	de	cette	thèse	était	de	tirer	profit	de	la	modularité	structurale	de	ces	complexes	indendiide	pour	
optimiser	leurs	performances	catalytiques	et	adresser	ces	deux	problématiques.	
	
2.	Cycloisomérisation	catalysée	des	complexes	pince	de	Pd	
Ce	 chapitre	 décrit	 la	 synthèse	 de	 nouveaux	 complexes	 pince	 indenediide	 de	 palladium	 et	 leur	
application	catalytique	pour	la	cyclisation	d’alcynylamides.	Les	performances	catalytiques	de	ces	différents	
complexes	 ont	 été	 évaluées	 et	 la	 structure	 des	 substrats	 a	 été	 variée.	 Le	mécanisme	 de	 la	 réaction	 est	
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également	discuté	dans	cette	partie.	Mais	tout	d’abord,	un	résumé	des	travaux	antérieurs	de	l’équipe	sur	le	
sujet	est	présenté.	
Les	réactions	de	cycloisomérisations	sont	des	transformations	à	hautes	valeurs	ajoutées	qui	donnent	accès	
à	un	large	éventail	de	composés	cycliques	avec	une	parfaite	économie	d’atomes	et	d’étapes.	En	particulier,	
des	hétérocycles	peuvent	être	facilement	préparés	à	partir	de	réactifs	insaturés	présentant	une	fonction	pro	
nucléophile	(fonctionnalités	O‐H,	N‐H).	Un	certain	nombre	de	complexes	de	métaux	de	transitions	catalysent	
ces	 transformations.	 L’activation	 de	 la	 liaison	 carbone‐carbone	 insaturée	 par	 le	 centre	 métallique	
électrophile	 est	 suivie	 d’une	 attaque	 du	 pro	 nucléophile	 permettant	 ainsi	 la	 cyclisation.	 Ces	 réactions	
nécessitent	 bien	 souvent	 la	 présence	 d’additifs	 tels	 qu’une	 base	 pour	 activer	 simultanément	 le	 pro	
nucléophile.	
Comme	nous	l’avons	vu	dans	le	chapitre	1,	des	progrès	spectaculaires	ont	été	réalisés	ces	vingt	dernières	
années	en	catalyse	bifonctionnelle	impliquant	la	coopérativité	métal/ligand.3,4	En	particulier,	les	complexes	
pince	présentant	un	caractère	non‐innocent	ont	été	largement	utilisés	dans	des	transformations	faisant	appel	
au	 processus	 d’hydrogénation/déshydrogénation.23	 Cependant,	 la	 coopérativité	métal/ligand	 a	 aussi	 été	
appliqué	occasionnellement	à	d’autres	processus	incluant	la	cycloisomérisation.	
C’est	dans	ce	contexte	que	notre	équipe	a	développé	une	nouvelle	famille	de	ligand	pince	SCS	à	partir	du	
squelette	 indène	 incorporant	 deux	 bras	 thiophosphinoyle	 en	 position	 1	 et	 3.25,26	 Ces	 deux	 bras	 Ph2P=S	
permettent	une	coordination		du	centre	métallique	à	l’instar	d’une	coordination	facial		plus	commune.	Des	
études	DFT,	incluant	des	analyses	NBO	et	AIM,	ont	révélé	un	caractère		très	fort	pour	la	liaison	C2	‐	métal	
mais	un	très	faible	caractère	.	L’étude	des	orbitales	moléculaire	de	ces	complexes	a	également	révélé	une	
densité	électronique	importante	sur	les	carbones	C1	et	C3.	Ces	données	sont	en	accord	avec	la	présence	d’une	
densité	électronique	importante	sur	ces	deux	atomes	de	carbone,	prédite	également	par	les	calculs	DFT.	Ceci	
résulte	en	un	caractère	non‐innocent	qui	a	pu	être	démontré	par	des	réactions	stœchiométriques	en	présence	
d’électrophiles	organiques	et	métalliques	donnant	lieu	respectivement,	à	l’alkylation	électrophile	du	ligand	
et	à	la	formation	de	complexes	bimétalliques	(Schéma	2.1).27,28	
	
Schéma	2.1	Réactivité	du	chloropalladate	démontrant	son	caractère	non	innocent	
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Ces	études	stœchiométriques	ainsi	que	les	calculs	DFT,	indiquent	donc	que	ces	complexes	peuvent	être	
définis	comme	des	complexes	pince	indenediide	de	Palladium,	présentant	un	centre	métallique	électrophile	
et	un	site	basique	sur	le	pro‐ligand	(Figure	2.1).	
	
Figure	2.1	Formule	décrivant	le	mieux	les	complexes	indènediide	
Ces	complexes	SCS	indènediide	(Figure	2.2)	ont	été	ensuite	appliqués	avec	succès	en	catalyse	coopérative	
métal/ligand	pour	 la	 cycloisomérisation	d’acides	alcynoïques.29	Cette	 réaction	ne	nécessite	pas	 l’ajout	de	
base	 externe,	 contrairement	 à	 d’autres	 systèmes	 métalliques,	 et	 a	 été	 appliquée	 à	 un	 large	 éventail	 de	
substrats.	C’est	dans	ce	contexte	que	les	travaux	de	cette	thèse	ont	commencé.	Nous	avons	choisi	d’appliquer	
les	 complexes	 indènediides	de	Palladium	à	 une	 transformation	plus	difficile,	 la	 cycloisomérisation	de	N‐
Tosylalcynylamide	en	alkylidène	lactames.7	
	
Figure	2.2	Complexes	pince	SCS	indènediide	précédemment	décrits.	
Une	étude	préliminaire	a	donc	été	réalisée	mettant	en	 jeu	 les	complexes	SCS	 indènediide	de	Palladium	
disponibles	au	sein	de	l’équipe	(Tableau	2.1).	Ces	catalyseurs	se	sont	montrés	efficaces	pour	l’obtention	de	
lactames	 à	 5	 chainons	 avec	 des	 conversions	 quantitatives	 en	 1	 h.	 Cependant,	 une	 baisse	 de	 l’activité	
catalytique	a	été	observée	lorsque	la	formation	du	cycle	à	6	chainons	2b	a	été	testée.	Après	24	h	de	réaction,	
les	conversions	ne	dépassent	pas	92%	(entrées	4‐7).	Afin	de	déterminer	les	causes	de	cette	baisse	d’efficacité,	
un	 suivi	 RMN	 31P	 a	 été	 réalisé	 (Figure	 2.3).	 Lors	 du	 mélange	 de	 1a	 avec	 le	 catalyseur	 Ic,	 on	 observe	
directement	 la	 formation	 d’espèces	 intermédiaires	 de	 type	 indényle	 provenant	 très	 probablement	 de	 la	
déprotonation	de	la	fonction	amide	(CONHTs)	par	le	site	basique	du	complexe.	Après	quelques	heures	de	
réaction,	l’apparition	d’une	troisième	espèce	est	détectée.	Ce	composé	a	été	formellement	identifié	comme	
étant	le	ligand	libre	(45.6	et	31.0	ppm)	résultant	de	la	décomposition	du	catalyseur	(44.5	ppm).	Ce	suivi	RMN	
31P	 permet	 de	 mettre	 en	 évidence	 un	 problème	 de	 stabilité	 de	 notre	 catalyseur	 dans	 les	 conditions	 de	
cycloisomérisation	d’alcynylamide.		
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Tableau	2.1	Evaluation	des	propriétés	catalytiques	des	complexes	indènediide	de	Pd		Ia‐c		
Dans	la	cyclisation	de	N‐tosyl	Alcynylamides	1a	et	1b.		
	
	
	
	
	
	
	
	
	
	
	
	
Afin	 de	 résoudre	 ce	 problème	 de	 stabilité,	 des	 modulations	 structurales	 sur	 le	 ligand,	 telles	 que	 la	
substitution	du	groupement	Ph	sur	le	phosphore	par	un	groupement	isopropyle,	ont	été	envisagées.	Cette	
modification	permettrait	une	augmentation	du	caractère	donneur	des	bras	 thiophosphinoyles	et	ainsi	un	
renforcement	de	l’interaction	du	soufre	avec	le	métal.	On	peut	anticiper	deux	changements	principaux	:	1)	
une	 augmentation	 de	 la	 densité	 électronique	 sur	 les	 carbone	 C1	 et	 C3	 qui	 devrait	 être	 bénéfique	 pour	
l’activation	de	la	liaison	NH	de	l’amide	;	2)	une	coordination	métal/ligand	plus	forte	qui	devraient	contribuer	
à	plus	grande	robustesse	du	catalyseur	et	des	intermédiaires	réactionnels.	
	
Entry	 Substrate	 Cat.	 T	(°C)	 time	(h)	 Conv	(%)	
1	 1a	 Ia	 60	 1h	 >99	
2	 1a	 Ib	 60	 1h	 81	
3	 1a	 Ic	 60	 50min	 >99	
4	 1b	 Ia	 90	 24h	 67	
5	 1b	 Ia	 90	 24h	 82c	
6	 1b	 Ib	 90	 24h	 49	
7	 1b	 Ic	 90	 20h	 92	
a	Tous	les	tests	catalytiques	ont	été	réalisés	sous	atmosphère	d’argon	en	partant	de	0.1	mmol	
d’alcynylamide	(0.14	M	dans	CDCl3).	bLes	conversions	ont	été	déterminée	par	RMN	1H.	cLa	
réaction	est	effectuée	à	1	M	d’alcynylamide.	
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Figure	2.3	Suivi	RMN	31P	montrant	la	degradation	du	complexe	Ia	au	cours	du	temps	lors	de	la	cycloisomérisation	
de	1b.		
Le	pro	ligand	cible	a	été	préparé	selon	la	même	stratégie	de	synthèse	décrite	pour	les	précédent	pro	ligand	
(Schéma	 2.2).26,29	 Une	 double	 séquence	 de	 déprotonation	 avec	 le	 n‐butyllithium	 suivi	 de	 l’ajout	 de	 la	
chlorodiisopropylphosphine	a	été	appliquée	à	l’indène.	Après	oxydation	avec	le	soufre	élémentaire	(S8)	et	
réaction	en	présence	de	Pd(PhCN)2Cl2,	le	complexe	indényle	IV	est	obtenu	avec	un	rendement	de	82%.	Après	
déprotonation	 avec	 un	 mélange	 de	 deux	 bases,	 PS‐DIEA	 et	 de	 tBuOK,	 en	 présence	 de	 nBu4NCl,	 le	
chloropalladate	 II	 est	 isolé	 avec	 81%	 de	 rendement.	 L’espèce	 dimère	 III	 est,	 quant	 à	 elle	 obtenue	 par	
déprotonation	de	IV	en	présence	de	NaOAc	dans	le	Toluène	à	90°C	(78%	de	rendement).	Tous	ces	nouveaux	
complexes	ont	été	caractérisés	par	RMN,	HRMS	et	diffraction	par	rayons	X.	
172	
	
	
Schéma	2.2	Synthèses	de	nouveaux	complexes	pince	avec	groupements	iPr.	
Pour	évaluer	 l’impact	de	cette	modulation	structurale	(iPr	à	 la	place	de	Ph)	sur	 l’activité	catalytique,	 la	
cyclisation	du	N‐Tosyl	hex‐5‐ynamide	1b	a	été	choisie	comme	réaction	modèle.	En	utilisant	II	ou	III,	le	6‐exo	
alkylidène	 lactame	2b	 est	 obtenu	 avec	 un	 rendement	 quantitatif	 en	 une	 nuit	 à	 90°C.	 Ce	 résultat	 est	 en	
contraste	 total	 avec	 ceux	 obtenus	 en	 présence	 des	 complexes	 Ia‐c.	 Aucun	 signe	 de	 décomposition	 n’est	
observé	en	RMN	31P	au	cours	de	la	réaction,	même	en	laissant	le	milieu	réactionnel	à	90°C	6h	après	la	fin	de	
la	réaction.	Un	simple	échange	de	substituant	sur	le	phosphore	permet	donc	une	augmentation	importante	
de	la	robustesse	et	par	conséquent	des	performances	catalytiques	des	complexes	indènediides	de	Palladium.	
Les	résultats	obtenus	avec	le	complexe	II	et	III	étant	très	similaires,	la	suite	de	l’étude	a	été	réalisée	en	
présence	du	complexe	dimère	neutre	III.	La	cyclisation	du	N‐Tosyl	pent‐4‐ynamide	1a	a	ensuite	été	évaluée.	
La	cyclisation	a	 lieu	beaucoup	plus	rapidement	qu’en	présence	de	Ia‐c	à	60°C.	En	effet,	 le	 lactame	2a	est	
obtenu	avec	un	très	bon	rendement	(98%)	en	seulement	10	min.	Ce	résultat	nous	a	encouragé	à	diminuer	la	
charge	 catalytique	 jusqu’à	 0.2	 mol%.	 Dans	 ces	 conditions,	 un	 temps	 de	 réaction	 plus	 long	 (7	 h)	 et	
l’augmentation	de	la	concentration	(1.5	M)	ont	été	nécessaires.	Le	produit	de	cyclisation	est	quand	même	
obtenu	avec	un	rendement	quantitatif	ce	qui	correspond	à	un	turn	over	number	de	500.	
Tableau	2.2	Cyclization	de	N‐tosyl	alcynylamides	(1a‐i)	catalysée	par	III.		
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Entrya T (ºC) t (h) Conv (%)b
1 60
2
3
4
Alkynylamide Lactam
NHTs
O
NTs
O
2c1c
T (ºC) t (h) Conv (%)b
25 30 min 99 (99)
25 30 min 99 (86)
Entrya
7
1a 2a
Alkynylamide Lactam
NHTs
O NO
Hexn
Hexn
NHTs
O NO
EtO2C
EtO2C
6d
NHTs
O 1h
90 24 h 99 (83)f
Me
1d 2d
NHTsO
N
O
H NTsO
NH
O
25 30 min 99 (82)
1e 2e
2b1b
90 12 h 99 (98)NHTs
O
NTs
O NTs
O
NHTs
O
5
90 130 h 70 (53)e
Ts
Ts
NHTs
O
8
1f 2f
1g 2g
120 12 h 95 (51)e
2h
10 min
7 hc
99 (98)
99c NTs
O
9
2sendo1s
90 24 h 0NHTs
O
Me
Me
NTs
O
NTs
Me
O
	
(a)	Tous	les	tests	catalytiques	ont	été	réalisés	sous	atmosphère	d’argon	en	partant	de	0.1	mmol	d’alcynylamide	1a‐h	(0.14	M	dans	CDCl3)	en	présence	
de	5	mol%	de	Pd.	(b)Les	conversions	ont	été	déterminée	par	RMN	1H.	Les	rendements	isolés	sont	entre	crochets.	(c)	La	charge	catalytique	a	été	
diminuée	à	0.2	mol%	et	la	concentration	du	substrat	a	été	augmentée	à	1.5	M.	(d)	La	Réaction	effectuée	à	0.2	M	d’alcynylamide.	(e)	l’analyse	RMN	1H	
du	brut	indique	la	formation	d’un	seul	isomère.	Les	différences	entre	conversion	et	rendement	résultent	de	problèmes	de	purifications.	(f)	La	réaction	
a	été	réalisé	avec	une	concentration	de	0.3	M	d’alcynylamide.	
	
Nous	avons	ensuite	exploré	la	tolérance	fonctionnelle	et	la	diversité	structurelle	de	substrats	pour	le	
système	catalytique	III	(tableau	2.2).	Différents	substituants	ont	été	introduits	en	position	α	de	la	fonction	
amide.	 La	 réaction	 est	 accélérée	 de	 manière	 significative	 par	 l’effet	 Thorpe‐Ingold	 comme	 le	 montre	 la	
cyclisation	rapide	de	1c	(comportant	un	groupe	nHex)	à	température	ambiante	en	seulement	30	min	(entrée	
3).	 	 Les	 très	 bons	 résultats	 obtenus	 avec	 les	 substrats	 1d	 et	 1e	 démontrent	 que	 l’introduction	 de	
groupements	fonctionnels	tels	que	des	esters	et	des	amines	protégées	sont	compatibles	avec	notre	système.	
Le	lien	aliphatique	entre	la	N‐Tosyl	amide	et	la	fonction	alcyne	a	ensuite	été	remplacé	par	un	groupement	
benzyle.	La	 cyclisation	de	1f	 a	 lieu	à	120°C	avec	une	sélectivité	endo	 au	 lieu	d’exo	pour	donner	accès	 au	
produit	à	7	chainons	2f	avec	un	rendement	isolé	de	51%	(conversion	95%).	Cette	transformation	ouvre	la	
voie	aux	3‐benzazepin‐2‐ones	qui	sont	des	motifs	importants	que	l’on	retrouve	dans	de	nombreux	composé	
biologiquement	actifs.	
La	robustesse	thermique	de	ce	nouveau	catalyseur	nous	a	permis	de	cibler	des	substrats	ambitieux	tel	
que	le	N‐Tosyl	hept‐5‐ynamide	1g.	Cette	cyclisation	est	achevée	en	6	jours	à	90°C	et	donne	sélectivement	le	
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lactame	2g	 correspondant	avec	un	rendement	de	53%	A	notre	connaissance,	c’est	 la	première	 fois	qu’un	
méthylène	‐caprolactame	est	obtenue	par	cycloisomérisation.	
Nous	nous	sommes	ensuite	intéressés	aux	alcynylamides	internes	qui	sont	connus	pour	être	beaucoup	
plus	difficile	à	cycliser	que	leurs	homologues	terminaux.	La	cyclisation	de	1h	est	réalisée	en	24	h	à	90°C.	Par	
rapport	à	l’acide	alcynoïque	correspondant,	1h	subit	dans	ce	cas	une	cyclisation	6‐endo	pour	donner	la	2‐
piperidone	2h.	Ce	produit	a	été	totalement	caractérisé	par	RMN	et	par	diffraction	des	rayons	X.	
Enfin,	 la	cyclisation	de	substrats	contraints	comme	1i	et	1j	a	été	étudiée	(tableau	2.3).	Le	complexe	III	
permet	la	cyclisation	efficace	de	1i.	Après	5	h,	on	obtient	la	conversion	complète	de	1i	en	deux	produits	via	
6‐endo	cyclisation	exclusivement.	A	l’inverse	de	ce	qui	a	été	observé	pour	les	autres	alcynylamides,	dans	ce	
cas,	 la	O‐	 et	 la	N‐cyclisation	 ont	 lieu.	 Pour	1i	 et	1j,	 le	 produit	 de	O‐cyclisation	 est	 le	majoritaire	 (O‐/N‐
cyclisation	:	84/16	pour	1i	et	92/8	pour	1j).	La	structure	de	chacun	des	deux	produits	a	été	confirmée	par	
diffraction	des	rayons	X.	
Tableau	2.3	Etude	de	la	cyclisation	des	N‐tosyl	alcynylamides	1i	et	1j.	
	
Entrya	 Sub.	 Cat.	 T	(°C)	 Time	(h)	
Conv	
(%)b	
O‐/N‐
attack	
1	 1i	 Ia	 50	 5	 53	 92/8	
2	 1i	 Ic	 50	 5	 51	 93/7	
3	 1i	 III	 50	 5	 87	 84/16	
4	 1i	 III	 35	 20	 >99	(89)	 86/14	
5	 1j	 Ia	 50	 4	d	 51	 92/8	
6	 1j	 III	 50	 3.5	d	 >99	(92)	 92/8	
(a)	 Tous	 les	 tests	 catalytiques	 ont	 été	 réalisés	 sous	 atmosphère	 d’argon	 en	 partant	 de	 0.1	 mmol	
d’alcynylamide	 (0.14	 M	 dans	 CDCl3)	 en	 présence	 de	 5	 mol%	 de	 Pd.	 (b)Les	 conversions	 ont	 été	
déterminée	par	RMN	1H.	Les	rendements	isolés	sont	entre	crochets.	
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Pour	vérifier	un	potentiel	 effet	de	 catalyseur,	 la	 cyclisation	de	1i	 et	1j	 a	 été	 réalisée	en	présence	des	
complexes	Ia‐c.	De	faibles	conversions	ont	été		observées	et	la	décomposition	de	Ia‐c	en	ligand	libre	a	encore	
été	détectée	par	31P	RMN.	Cependant,	la	cyclisation	est	exclusivement	de	type	6‐endo	avec	des	ratios	de	O‐
/N‐cyclisation	comparables	à	ceux	obtenu	avec	III.	Ceci	indique	une	absence	d’influence	de	la	structure	du	
catalyseur	sur	la	sélectivité.	
Nous	avons	proposé	un	cycle	catalytique	pour	la	cycloisomérisation	des	alcynylamides	catalysée	par	le	
complexe	III	(Schéma	2.3).	
	
Schéma	2.3	Mécanisme	simplifié	proposé.	
(i) La	densité	électronique	présente	sur	le	ligand	indènediide	permet	la	déprotonation	de	la	N‐Tosyl	
amide,	 et	 l’électrophilie	 du	 palladium	 permet	 l’activation	 de	 l’alcyne	 par	 	 coordination	
(intermédiaire	A).	
(ii) La	cyclisation	par	l’attaque	nucléophile	de	l’atome	d’azote	sur	la	triple	liaison	carbone‐carbone	
donne	 le	complexe	B.	L’addition	en	 trans	 est	suggérée	par	 la	position	cis	du	deutérium	sur	 le	
produit	2a‐D	provenant	de	la	cyclisation	du	produit	1a‐D	deutéré	en	position	terminal	(CCD,	
93%	de	marquage	isotopique,	voir	schéma	2.4).	
(iii) Enfin,	l’alkylidène	lactame	est	libéré	et	le	complexe	III	est	régénéré.	
	
 
Schéma	2.4	Cycloisomérisation	de	l’acide	4‐pentynoïque	deutéré	1a‐D‐C.	
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Le	double	rôle	du	complexe	indènediide	de	Palladium	a	été	confirmé	par	des	blancs.	Tout	d’abord,	nous	
avons	montré	que	la	réaction	n’avait	pas	lieu	sous	activation	thermique	en	l’absence	du	III.	Un	autre	contrôle	
a	été	réalisé	en	présence	du	chloroindényle	de	Palladium	IV	 (la	 forme	protonée	de	 II).	IV	 est	 totalement	
inactif	 pour	 la	 cyclisation	 de	 1a	 ce	 qui	 démontre	 la	 nécessité	 du	 centre	 métallique	 électrophile	 et	 de	
l’activation	via	le	site	basique	du	ligand	pour	réaliser	la	transformation.	
Pour	conclure,	une	modulation	simple	sur	le	pro‐ligand	a	permis	d’augmenter	de	manière	importante	la	
stabilité	thermique	et	par	conséquent	l’activité	catalytique	des	complexes	SCS	indènediide	de	Palladium	pour	
la	 cycloisomérisation	d’alcynylamides.	Une	 large	diversité	 structurale	de	 substrats	 a	pu	être	 cyclisé	 (des	
composés	 aliphatique	 à	 5‐7	 chainons	 jusqu’aux	 alcynes	 internes).	 Dans	 la	majorité	 des	 cas	 de	 très	 bons	
rendements	et	sélectivités	ont	été	obtenus	(supérieurs	à	90%).	
Cependant,	 il	 reste	 encore	quelques	 améliorations	à	 apporter	 au	 système	 catalytique	notamment	pour	
atteindre	de	meilleures	conversions/rendements	pour	les	cycles	supérieurs	à	6	chainons.	
	
3.	Quand	le	Pt	surpasse	le	Pd	en	cyclosiomérisation	catalytique	
	
Comme	 nous	 l’avons	 vu	 dans	 le	 chapitre	 2,	 l’utilisation	 d’un	 complexe	 pince	 SCS	 indènediide	 de	
palladium	a	permis	 la	préparation	de	lactones	et	de	 lactames	dans	des	conditions	douces	avec	une	haute	
tolérance	fonctionnelle	et	sans	l’ajout	d’une	base	externe.	Des	cycles	à	6	et	7	chaînons	ont	pu	être	formés	à	
températures	élevées	(90‐120°C)	avec	des	temps	de	réactions	importants	(10‐120h).	
Malgré	ces	avancées,	la	formation	de	cycles	à	6	à	partir	d’alcynes	internes	et	celle	de	cycles	à	7	chainons	
restent	deux	challenges	importants.	De	plus,	une	amélioration	de	la	sélectivité	exo/endo	est	aussi	hautement	
souhaitable.	C’est	pour	cela	que	nous	avons	choisi	de	 remplacer	 le	Palladium	par	 le	Platine.	A	ce	 jour,	 le	
Platine	a	été	peu	décrit	pour	la	cyclisation	d’acides	alcynoïques	et	d’amides.	Cependant,	sa	capacité	à	activer	
les	liaisons	multiples	carbone‐carbone	(alcynes,	alcènes	et	allènes)	est	largement	décrite	et	en	particulier,	le	
sel	PtCl2	s’est	montré	très	efficace	pour	les	réarrangements	d’énynes.	
La	préparation	des	complexes	SCS	indènediide	de	Platine	ainsi	que	leur	application	en	catalyse	pour	la	
cycloisomérisation	d’acides	alcynoïques	et	de	N‐tosylalcynylamides	sont	décrites	dans	ce	chapitre	3.8	Pour	
la	première	fois,	un	large	éventail	de	δ‐	et	‐lactones/lactames	ont	ainsi	été	préparés	avec	de	très	bonnes	
sélectivités	et	d’excellents	rendements.	
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Schéma	3.1	Synthèse	des	complexes	indénediides	de	Pt	III‐IV	
Les	complexes	indènediide	de	platine	ciblés	ont	été	synthétisés	en	2	étapes	à	partir	des	pro‐ligands	Ia,b	
décrits	dans	le	chapitre	2	(Schéma	3.1).	Les	complexes	indényles	IIa,b	sont	dans	un	premier	lieu	formés	par	
C‐H	activation	puis	déprotonés.	L’utilisation	d’acétate	de	sodium	dans	le	toluène	à	90°C	permet	la	formation	
des	 espèces	 dimère	 et	 trimère	 IIIa,b	 avec	 de	 bons	 rendement	 (IIIa	:	 78%	et	 IIIb	:	 87%).	 Les	 complexes	
chloroplatinate	 IVa,b	 sont,	 quant	 à	 eux,	 obtenus	 en	 utilisant	 la	 diisopropyléthylamine	 supportée	 sur	
polystyrène	 (PS‐DIEA)	 en	 présence	 de	 chlorure	 de	 tétrabutylammonium	 (IVa	:	 88%	 et	 IVb	:	 84%).	 La	
structure	de	chaque	complexe	a	été	confirmée	sans	ambiguïté	par	spectroscopie	RMN	multi‐noyaux	(31P,	1H	
et	13C	RMN)	et	diffraction	des	rayons	X.	
Tableau	3.1	Evaluation	des	propriétés	catalytiques	du	complexe	indènediide	de	Platine	IIIb.	
	
Entrée	 Sub.	 Cat.	(mol%	[M])	 T	(°C)	 t	(h)	
Conv	
(%)b	
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1	 1a	 III	(5)	 90	 10	 >99	
2	 IIIb	(1)	
IIIb	(0.05)	
50	 3	 97	
3	 90	 12	 >99c	
4	 1b	 III	(5)	 90	 12	 >99	(98)	
5	 IIIb (5) 90 0.4 >99
6	 IIIb	(2)	 90	 3	 >99c	
7	 IIIb	(0.4)	 90	 18	 >99d	
8	 1c	 III (5) 25 0.5 >99
9	 	 IIIb	(5)	 25	 0.5	 >99	
10	 1d	 III	(5)	 60	 0.16	 >99	(98)	
11	 	 IIIb (5) 60 1 >99	(88)	
(a)	Tous	les	tests	catalytiques	ont	été	réalisés	sous	atmosphère	d’argon	en	partant	de	0.1	mmol	de	substrat	(0.14	M	dans	CDCl3).	(b)	Les	conversions	
ont	été	déterminée	par	RMN	1H.	Les	rendements	isolés	sont	donnée	entre	crochets		(c)	La	concentration	du	substrat	est	de	2	M.	(d)	La	concentration	
de	substrat	est	de	0.83	M.	
	
Dans	un	premier	temps,	une	évaluation	rapide	des	performances	catalytiques	des	4	complexes	III‐IV	a	été	
réalisée	en	prenant	la	cycloisomérisation	de	l’acide	5‐hexynoïque	1a	comme	réaction	modèle	(Tableau	3.1).	
Le	dimère	de	Platine	IIIb	donne	les	meilleurs	résultats	avec	une	conversion		complète	de	1a	après	seulement	
3h	 à	 50°C	 dans	 le	 chloroforme	 avec	 1	 mol%	 de	 charge	 en	 Pt.	 Ce	 résultat	 représente	 une	 amélioration	
significative	par	rapport	au	complexe	V	avec	lequel	il	fallait	10h	à	90°C	en	présence	de	5	mol%	de	Pd	pour	le	
même	résultat.	Par	conséquent,	le	complexe	IIIb	a	été	utilisé	pour	le	reste	de	l’étude.	Le	très	bon	résultat	
obtenu	avec	l’acide	5‐hexynoïque	nous	a	encouragé	à	tester	la	cycloisomérisation	de	la	N‐tosylamide	1b	qui	
est	beaucoup	plus	difficile	à	cycliser	(cf	chapitre	2).	Dans	ce	cas,	une	augmentation	de	la	température	(de	50	
à	 90°C)	 est	 nécessaire	 pour	 obtenir	 une	 conversion	 complète	 en	 25	 min	 avec	 IIIb	 (5	 mol%	 de	 Pt).	 La	
formation	de	l’alkylidène	lactame	2b	est	bien	plus	rapide	avec	IIIb	(environ	30	fois	plus	rapide)	qu’avec	le	
complexe	de	Pd	 correspondant	V	 (qui	 nécessite	 12h	de	 réaction	dans	 les	mêmes	 conditions).	 Grâce	 aux	
performances	catalytiques	de	IIIb,	nous	avons	pu	diminuer	la	charge	catalytique	à	1	puis	0.2	mol%	de	Platine	
et	réaliser	la	cycloisomérisation	en	3	et	18	h	respectivement,	démontrant	ainsi	la	robustesse	des	complexes	
de	Platine.	La	même	étude	a	été	menée	pour	la	conversion	de	1a	en	2a.	Dans	ce	cas,	la	charge	catalytique	a	
été	progressivement	diminuée	jusqu’à	500	ppm	de	Pt	et	parallèlement	la	température	a	été	augmentée	de	
50	à	90°C	sans	effet	néfaste	sur	les	performances	catalytiques	:	conversion	complète	en	12h	correspondant	
à	un	turnover	number	(TON)	de	2000	et	un	turnover	frequency	(TOF)		de	167	h‐1.	
Pour	justifier	la	contribution	du	ligand	indènediide,	l’activité	catalytique	de	IIIb	a	été	comparé	avec	celle	
de	ses	précurseurs	de	synthèse.	En	présence	de	[PtCl2(éthylène)]2,	la	lactone	1a	est	formée	mais	se	dégrade	
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rapidement	pour	donner	un	mélange	de	produits	non	identifiés.	Dans	le	cas	de	l’amide	1b,	aucune	réaction	
n’a	lieu	après	24h	de	chauffage	à	90°C.	Le	même	constat	est	fait	en	présence	du	complexe	indènyl	IIb,	de	très	
faibles	conversions	sont	observées	pour	1a	et	1b	après	24h.	
Les	réactions	de	cyclisation	de	1a,b	en	présence	de	IIIb	ont	été	suivies	par	RMN	31P	:	la	formation	d’une	
espèce	indényle	est	observée	au	cours	de	la	transformation	et	le	complexe	IIIb	est	régénéré	à	la	fin	de	la	
réaction.	Toutes	ces	observations	étayent	la	participation	active	du	ligand	indènediide	et	de	la	coopérativité	
métal/ligand	 (activation	 de	 la	 fonction	 pro	 nucléophile	 acide/amide	 par	 déprotonation,	 activation	 de	 la	
liaison	triple	carbone‐carbone	via	la	coordination	du	platine).	Ceci	est	totalement	cohérent	avec	ce	qui	avait	
été	décrit	pour	les	espèces	palladium	correspondantes.	
L’influence	de	la	taille	de	cycle	a	ensuite	été	étudiée.	Paradoxalement	à	ce	qui	avait	été	observé	pour	les	δ‐
lactones	et	lactames	2a,b,	Le	Platine	ne	surpasse	pas	le	Palladium	pour	la	formation	de	cycles	à	5	chainons.	
La	 cyclisation	 de	 l’acide	 pentynoïque	1c	 est	 aussi	 efficace	 en	 présence	 de	 IIIb	 que	 de	V.	 Cependant,	 la	
conversion	de	l’alcynylamide	correspondante	1d	est	beaucoup	plus	lente	avec	IIIb	qu’avec	V	(1h	au	lieu	de		
10	min	à	60°C).	Cependant,	le	dimère	de	Platine	IIIb	démontre	une	activité	beaucoup	plus	importante	que	V	
pour	la	formation	de	cycle	à	7.	Dans	un	premier	temps,	nous	avons	testé	les	substrats	1e	et	1f	possédant	un	
espaceur	flexible	non	substitué.	L’acide	6‐heptynoïque	1e	est	complétement	consumé	après	seulement	21h	
à	90°C	en	présence	de	IIIb	(1	mol%	de	Pt).	L’‐lactone	correspondante	2e	est	obtenue	pure	avec	un	très	bon	
rendement	de	84%	après	distillation.	Ce	résultat	représente	une	amélioration	significative	par	rapport	au	
résultat	obtenu	avec	V	(cf	chapite	2).	En	effet,	dans	ce	cas,	le	produit	2e	est	obtenu	avec	un	rendement	moyen	
de	51%	après	22h	à	120°C	en	présence	de	5	mol%	de	Pd.	A	ce	jour,	le	système	SCS	indènediide	de	Pt	est	le	
plus	 efficace	 pour	 former	 l’‐lactone	 2e.	 IIIb	 a	 donné	 également	 d’excellents	 résultats	 pour	 la	
cycloisomérisation	 de	 la	N‐tosylamide	 1f.	 La	 conversion	 complète	 de	 1f	 est	 achevée	 en	 22h	 à	 90°C	 en	
présence	de	5	mol%	de	Pt.	Au	cours	du	chapitre	2,	nous	avons	vu	que	2f	était	obtenu	avec	un	rendement	de	
seulement	 53%	 après	 130h	 de	 réaction	 à	 90°C	 lorsque	 le	 complexe	 de	 Palladium	 V	 était	 utilisé.	 Le	
remplacement	du	Pd	par	le	Pt	permet	une	diminution	considérable	du	temps	de	réaction	(d’un	facteur	6)	et	
l’obtention	de	‐lactame	2f	avec	un	excellent	rendement	de	93%.	
Tableau		3.2	Cycloisomérisation	d’acides	alcynoïque	et	de	N‐tosylamide	catalysée	par	le	complexe	IIIb.	
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(a)	Tous	 les	 tests	 catalytiques	ont	 été	 réalisés	sous	 atmosphère	d’argon	en	partant	de	0.1	mmol	de	 substrat	 (0.14	M	dans	CDCl3).	La	 charge	
catalytique	est	de	1	mol%	pour	les	acides	alcynoïques	et	de	5	mol%	pour	les	N‐tosyl	alcynylamides.(b)	Les	conversions	ont	été	déterminée	par	RMN	
1H	avec	le	mésitylène	comme	standard	interne.	Les	rendements	isolés	sont	donnée	entre	crochets		(c)	La	concentration	du	substrat	est	de	0.5	M.	(d)	
les	produits	d’addition	intermoléculaire	spnt	détectés	par	RMN	1H	dans	le	brut	de	la	réaction.	(e)	un	mélange	de	produits	non	identifiés	(19%)	a	été	
détecté	par	RMN	1H	dans	le	brut	de	la	réaction.	(f)	Mélange	de	produits.	(g)	La	concentration	du	substrat	est	de	1M.	(h)	L’anhydride	phtalique	(57%)	
est	détecté	par	RMN	1H	dans	le	brut	de	la	réaction.	
	
Pour	illustrer	le	large	domaine	d’application	du	complexe	IIIb,	la	formation	d’autres	cycles	à	7	chaînons	a	
ensuite	été	explorée	(Tableau	3.2).	Les	substrats	α‐substitués	1g,h	ont	été	cyclisés	efficacement	démontrant	
ainsi	la	compatibilité	des	groupements	esters	avec	le	système.	Il	est	à	souligner	que	seulement	7h	suffisent	
pour	convertir	1h	en	2h.	Cette	accélération	significative	(lorsqu’on	compare	le	résultat	à	1f)	est	à	mettre	au	
crédit	de	l’effet	Thorpe‐ingold	et	de	l’acidification	de	la	N‐tosylamide.	Une	cyclisation	rapide	et	facile	a	aussi	
été	observée	avec	les	substrats	ortho	benzoïque	1i,j.	Leur	cyclisation	est	complète	en	seulement	1‐2h	à	90°C.	
Par	comparaison,	la	cyclisation	de	1i	en	présence	du	complexe	indènediide	de	Pd	V	demande	9.5h	de	réaction	
pour	atteindre	95%	de	conversion.	Avec	IIIb	comme	catalyseur,	les	‐lactones	et	lactames	2g‐j	sont	isolées	
avec	de	bons	 rendements	 (57‐92%).	Des	études	de	diffractions	des	 rayons	X	 sur	2h	 et	2j	 ont	permis	de	
confirmer	sans	ambigüité	le	mode	de	cyclisation	(7‐exo	vs	6‐endo	et	attaque‐N	vs	‐O).	
Les	très	bons	résultats	obtenus	avec	les	cycles	à	7	chaînons	nous	ont	motivés	à	tester	ensuite	la	formation	
de	 lactones/lactames	 à	 8	 chainons.	 Cependant,	 la	 réaction	 intermoléculaire	 conduisant	 à	 une	 mixture	
d’oligomères	a	été	observée	avec	l’acide	7‐octynoïque	et	aucune	réaction	n’a	été	détectée	avec	l’alcynylamide	
correspondante	après	24h.	Pour	favoriser	la	cyclisation,	 les	substrats	rigides	1k,l	dérivant	de	l’anhydride	
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phtalique	ont	été	sélectionnés.	Dans	ce	cas,	la	lactone	à	8	chaînons	2k	a	pu	être	réparée	avec	un	rendement	
isolé	de	43%,	cependant,	la	réaction	de	rétro‐acylation	a	également	lieu	en	même	temps.	La	N‐tosylamide	1l	
correspondante	a	également	été	convertie	en	présence	de	IIIb.	Mais	au	lieu	du	lactame	à	8	chainons	ciblé,	
deux	nouveaux	composés	spiro	ont	été	isolé	(96%	de	rendement	ratio	:	86	:14).	Les	structures	de	2l‐N‐spiro	
et	2l‐O‐spiro	ont	été	déterminés	par	diffraction	des	rayons	X.	leur	formation	résulte	probablement	d’une	
cyclisation	 intramoléculaire	 en	 cascade.	 Bien	 que	 le	 complexe	 de	 Pt	 IIIb	 soit	 très	 efficace	 pour	 les	 ‐
lactones/lactames,	l’obtention	de	cycle	à	8	reste	une	limitations.	
Tableau	3.3	Cycloisomérisation	des	substrats	1m‐r	comportant	un	alkyne	interne	en	présence	IIIb	et	de	pyrogallol.	
	
	(a)	Tous	 les	 tests	catalytiques	ont	été	réalisés	sous	atmosphère	d’argon	en	partant	de	0.1	mmol	de	substrat	(0.14	M	dans	CDCl3).	La	charge	
catalytique	est	de	5	mol%	de	Pt	et	0/30	mol%	de	pyrogallol.(b)	Les	conversions	ont	été	déterminée	par	RMN	1H	avec	le	mésitylène	comme	standard	
interne.	Les	rendements	isolés	sont	donnée	entre	crochets		(c)	15%	d’acide	5‐oxoheptynoïque	(produits	secondaire).	
 
Les	 acides	 carboxyliques	 et	 le	 N‐tosylamides	 possédant	 des	 alcynes	 internes	 sont	 des	 substrats	
particulièrement	 difficiles	 en	 réaction	 de	 cycloisomérisation	 aussi	 bien	 en	 termes	 d’activité	 et	 que	 de	
sélectivité	exo/endo	(Tableau	3.3).	Avec	les	très	bons	résultats	obtenus	pour	les	cycles	à	6	et	7	chaînons,	nous	
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avons	testé	le	comportement	du	dimère	IIIb	lorsque	des	questions	de	sélectivité	5‐exo/6‐endo	et	6‐exo/7‐
endo	se	posaient.	Les	composés	1m,n	ont	donc	été	cyclisés	à	90°C	avec	5	mol%	de	Pt.	Dans	les	deux	cas	une	
diminution	spectaculaire	du	temps	de	réaction	(jusqu’à	28	fois	plus	rapide)	est	observée	en	utilisant	IIIb	au	
lieu	de	V.	Une	accélération	impressionnante	a	également	été	observée	avec	les	substrats	α‐substitués	1o,p	
(par	un	facteur	18).	En	seulement	5	minutes,	l’acide	est	totalement	converti	avec	IIIb	(contre	1.5h	avec	V).	
En	plus	d’une	augmentation	impressionnante	de	la	vitesse	de	réaction,	le	remplacement	du	Pd	par	le	Pt	
influence	la	sélectivité	exo/endo.	Comme	mentionné	pour	la	cyclisation	des	substrats	1a‐d,	le	complexe	de	Pt	
IIIb	démontre	une	préférence	notable	pour	la	formation	de	cycle	à	6	par	rapport	à	son	homologue	Pd.	Cette	
caractéristique	 est	 encore	 une	 fois	 observée	 avec	 la	 	 cyclisation	 6‐endo	 de	 1m	 qui	 est	 légèrement	
prédominante	dans	le	cas	du	Pt	(exo/endo	1	:1.6)	alors	qu’avec	V	la	cyclisation	5‐exo	est	favorisée	(exo/endo	
1.5	:1).	Une	augmentation	de	la	sélectivité	exo/endo	est	également	détectée	avec	le	substrat	α‐substitué	1o	
avec	 une	 sélectivité	exo/endo	 de	 1/4.9.	 Les	N‐tosylamide	 correspondantes	1n,p,	 quant	 à	 elles,	 subissent	
exclusivement	 une	 cyclisation	 de	 type	 6‐endo	 et	 les	 δ‐lactames	 correspondant	 sont	 obtenus	 avec	 des	
rendement	très	élevés.	
La	propension	de	IIIb	à	former	efficacement	des	cycles	à	6	et	7	chaînons	est	unique	et	soulève	la	question	
de	la	sélectivité	6‐endo/7‐exo.	Pour	essayer	de	répondre	à	cette	question,	nous	avons	étudié	la	cyclisation	de	
deux	 types	 de	 substrats	 difficiles	:	 les	 acides	 5‐alcynoïque	 interne	 qui	 ont	 rarement	 été	 testés	 en	
cycloisomérisation	 jusqu’à	 ce	 jour,	 et	 leurs	 homologues	 N‐tosylamides	 dont	 la	 cyclisation	 n’avait	 aucun	
précédent.	Après	36h	à	90°C	en	présence	de	IIIb,	la	conversion	de	1q	reste	modeste	(38%).	Cependant,	la	
réaction	est	hautement	sélective	en	faveur	de	la	6‐exo	cyclisation	puisque	la	δ‐lactone	2qexo	est	formée	de	
manière	prépondérante	avec	un	ratio	de	24	:1	par	rapport	à	l’‐lactone	2qendo.	Un	test	similaire		a	été	réalisé	
avec	 la	 N‐tosylamide	 correspondante	 1r.	 Dans	 ce	 cas,	 le	 complexe	 IIIb	 a	 montré	 une	 faible	 activité	 ne	
permettant	pas	de	caractériser	les	produits	de	cylisations	(6%	après	18h).	
Nos	précédents	travaux	sur	le	mécanisme	de	la	réaction	de	cycloisomérisation	catalysée	par	les	complexes	
indènediide	de	Pd	a	permis	de	mettre	en	évidence	l’importance	du	rôle	de	navette	à	protons	joué	par	une	
seconde	molécule	de	substrat.9	L’ajout	d’un	additifs	donneur	de	liaison	hydrogène,	en	particulier	de	dérivés	
de	 catéchol,	 a	 montré	 une	 augmentation	 significative	 de	 l’activité	 et	 de	 la	 sélectivité.	 Afin	 d’améliorer	
l’application	et	l’efficacité	du	complexe	de	Pt	IIIb,	l’influence	du	pyrogallol	a	été	étudiée	sur	la	cyclisation	de	
substrats	 internes.	L’ajout	de	30	mol%	de	pyrogallol	a	entrainé	une	augmentation	 impressionnante	de	 la	
vitesse	 de	 cyclisation	 (par	 un	 facteur	 12)	 pour	1m‐p	 (Tableau	 3.3).	 De	 plus,	 les	 δ‐lactones	 et	 lactames	
correspondants	ont	été	obtenus	avec	des	sélectivités	améliorées	en	faveur	de	la	6‐endo	cyclisation	(ratio	5‐
exo/6‐endo	de	1	:3	à	>1/99).	L’ajout	du	donneur	de	liaison	hydrogène	se	montre	aussi	très	bénéfique	pour	la	
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cyclisation	de	dérivés	5‐alcynoïques.	L’acide	carboxylique	1q	est	totalement	converti	en	6h	et	la	δ‐lactone	Z‐
2qexo	est	obtenue	avec	une	excellente	sélectivité	(6‐exo/7‐endo	32:1).	Encore	une	fois,	l’indènediide	de	Pt	est	
remarquablement	plus	 actif	 que	 celui	de	Pd,	 IIIb	 converti	 10	 fois	plus	 rapidement	1q	 que	V.	De	plus,	 la	
cyclisation	est	plus	propre	en	présence	de	 IIIb	 avec	une	diminution	de	moitié	du	produit	 secondaire.	Le	
résultat	obtenu	avec	la	N‐tosylamide	1r	sont	encore	plus	remarquables.	Pour	la	première	fois	ce	substrat	
peut	être	efficacement	cyclisé.	Après	18h	à	90°C,	1r	est	totalement	converti	et	un	ratio	6‐exo/7‐endo	de	2.1/1	
est	observé.	
En	 conclusion,	 nous	 avons	 démontré	 que	 le	 complexe	 SCS	 indèndiide	 de	 Paltine	 IIIb	 catalyse	 la	
cycloisomérisation	d’acides	alcynoïques	et	de	N‐tosylalcynylamides	et	même	qu’il	surpassait	son	homologue	
Palladium	V.	Notamment,	le	Platine	est	plus	efficace	pour	la	formation	de	cycle	à	6	et	7	chaînons.	La	vitesse	
de	 réaction	 et	 la	 sélectivité	 pour	 la	 cyclisation	 6‐endo	 ou	 6‐exo	 ont	 été	 significativement	 améliorées	 en	
utilisant	le	pyrogallol	comme	additif	donneur	de	liaison	hydrogène.	Pour	la	première	fois,	une	grande	variété	
de	δ‐	et	‐lactones/lactames	ont	pu	être	préparées	avec	de	hautes	sélectivités	et	de	très	bons	rendements.	
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Abstract 
 
This work contributes to the study of new indenediide pincer complexes, including their 
synthesis, characterization, and finally their activity in metal-ligand cooperative catalytic 
cycloisomerization of a range of alkynoic acids and N-tosyl alkynylamides. 
The 1st chapter compiled a non-exhaustive bibliographical survey of the field of metal-ligand 
cooperation in catalysis, from the pioneering work of Noyori using amido-Ruthenium complexes for 
hydrogenation, to the recent work of Milstein with pincer complexes based in dearomatized 
pyridine.  
The 2nd chapter of this thesis is dedicated to the development of the newly-tuned Pd indenediide 
pincer complexes and their application in metal-ligand cooperative catalysis. A structural 
modulation, by varying the R substituents Ph at phosphorus with iPr, was performed in attempt to 
increase the robustness of the Pd pincer complexes and enhance thereby their catalytic 
performance. Thus, two novel complexes were successfully synthesized and fully characterized 
(NMR, IR, XRD). Initial study demonstrated a better performance of the new complexes than their 
predecessor, as the cycloisomerization of N-tosyl alkynyl amides can be efficiently achieved. 
Moreover, the N-tosyl alkynyl amide scope was extensively studied, from linear non-substituted C5-
C7, then substituted, benzo-fused, and finally to internal alkyne ones. Eventually, a majority of exo 
lactams products, together with the unusual internal endo lactam can be prepared in excellent 
yields (most often 90 %). Note that the obtaining for the first time of 7-member ring methylene 
caprolactam via a cycloisomerization was pretty inspiring. Nevertheless, improvements for the 
current catalytic system remain. 
The 3rd chapter of this thesis is devoted to further modulation of the pincer complexes, in 
particular the switching of metal center from Palladium to Platinum. The newly-synthesized Pt 
complexes were evaluated in the cycloisomerization of N-tosyl alkynylamides and alkynoic acids, 
and the dimeric complex with iPr groups at the P atoms exhibited the best performance. The 
substrate scope was further extended to more challenging ones. In most cases, reactions were 
remarkably accelerated. Direct comparisons upon amides and acids bearing internal alkyne further 
indicated that the Pt complex outperformed its Pd analogue. In particular, the Pt pincer complex is 
extremely efficient for the formation of 6 and 7-membered rings. In light of in-depth understanding 
of the mechanism, several selected additives were employed as H-bond donor, to reinforce the 
cyclization. The reaction rate and selectivity for 6-endo (vs 5-exo) as well as 6-exo (vs 7-endo) 
cyclizations was greatly improved by using pyrogallol. For the first time, a large variety of  and -
lactones/lactams could be prepared with high selectivities and in very good yields.  
These results emphasize the unique properties of SCS indenediide pincer complexes and extend 
further their catalytic applications. 
 
Key words: pincer complex, metal-ligand cooperation, catalysis, cycloisomerization 
 Résumé de thèse 
Cette thèse décrit l’étude réalisée sur des complexes portant le ligand pince indendiide, incluant 
leur synthèse et caractérisation ainsi que leur activité en catalyse coopérative métal/ligand de 
cycloisomérisation d’acide alcynoïques et N-tosyl alkynylamides.   
Le premier chapitre fait un point bibliographique non-exhaustif du domaine de la catalyse 
coopérative métal/ligand, des premiers travaux précurseurs de Noyori sur les processus 
d’hydrogénation avec des complexes amido de ruthénium aux récents travaux de Milstein avec des 
complexes pince à base de pyridine déaromatisée.  
Le deuxième chapitre porte sur le développement de nouveaux complexes pince indendiide du Pd 
et leur application en catalyse coopérative métal/ligand. La modification structurale réalisée, 
remplacement des substituants Ph sur l’atome de phosphore par des iPr, visait à augmenter la 
robustesse des complexes et améliorer ainsi leur performance en catalyse. Deux nouveaux 
complexes ont été préparés et entièrement caractérisés (RMN, IR, DRX). Les premières évaluations 
d’activité catalytique ont en effet révélé une meilleure activité de ces nouveaux complexes 
comparés à leurs prédécesseurs, puisqu’ils sont capables de cycloisomériser de manière efficace les 
N-tosyl alkynyl amides. Une large gamme de substrats a été étudiée, incluant N-tosyl alkynyl amides 
linéaires non-substituées et substituées, d’autres à base de squelette phénylène, et même celles à 
alcyne en position interne. De manière générale, une majorité d’exo-lactames est formée avec des 
très bons rendements (~90%) sauf lorsque l’alcyne est en position interne, cas dans lequel l’endo-
lactame est formée préférentiellement. Il est important de souligner que le résultat phare de ce 
chapitre est la préparation pour la première fois de methylène lactames à 7-chainons par 
cycloisomérisation. Malgré les avancées notables atteintes dans ce chapitre, la grand modularité 
des complexes pince étudiés permet d’espérer des améliorations du système catalytique. 
Ces améliorations sont présentées lors du troisième chapitre. Il s’agit ici de remplacer l’atome de Pd 
par le Pt. Les nouveaux complexes préparés ont été évalués dans la cycloisomérisation de acides 
alcynoïques et N-tosyl alcynyl amides et le meilleur d’entre eux a été identifié (dimère à 
groupement iPr sur l’atome de P). A nouveau une large gamme de substrats, acides et amides, a été 
étudiée faisant varier la taille de cycle et la position de l’alcyne. La stratégie s’est avérée fructueuse 
puisque de manière générale ce complexe de Pt s’est montré plus actif que l’équivalent à base de Pd. 
En particulier, ce complexe présente une activité remarquable pour la transformation d’alcynes 
internes et la formation de cycles à 6 et 7-chaînons. La connaissance approfondie du mécanisme de 
la réaction a conduit aussi à l’utilisation d’additifs donneurs de liaison H afin de favoriser la réaction 
de cyclisation. Grâce à l’utilisation du pyrogallol, la vitesse de réaction et la sélectivité 6-endo (vs 5-
exo) et 6-exo (vs 7-endo) ont été améliorées de manière significative. Pour la première fois, une 
grande variété de δ et ε-lactones et lactames ont pu être préparées avec des très bonnes sélectivités 
et rendements.  
L’ensemble de ces résultats souligne les propriétés uniques de ces complexes pince indendiide et 
étend leurs applications catalytiques. 
